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FIG. 12
LDPC code of rate 9/15(3/5)
GB Check-node indices for the first bit
in each cyclic block QB

1 711478 1907 2240 2648 2725 3592 3708 3965 4080 5733 GiW
2 393 1384 1435 1878 2773 3182 2086 5465 6091 6110 6114 6377
3 160 1149 1281 1526 1566 2129 2929 3085 2228 4250 4276 4612
4 289 1446 1607 2421 3550 3796 5580 5750 5763 6168 6271 6340
5 947 1227 2008 2020 2266 3365 3588 3867 4172 4250 4865 6290
6 1 3324 3704 4447

71 1206 2565 3089

8 529 4077 5891

g 14 1187 3206

10§ 1980 2972 5120

IR 752 796 5976

12 1 1129 2377 4030

13§ 6077 6108 6231

14 61 1053 1781

15 1 2820 4109 5307

16 1 2088 5834 5988

17 1 3725 3845 4610

18 § 1081 2780 2389

19 859 2271 4822
20 1 3033 6060 6160
21 756 1486 2350
22 1 3350 3624 5470
23 357 1825 5242
24 585 3372 6062
25 561 1417 2348
26 971 319 567
27 1 1005 1675 2062
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US 9,130,814 B2

1
INTERLEAVING METHOD AND
DEINTERLEAVING METHOD

TECHNICAL FIELD

The present invention relates to the field of digital commu-
nications, and more specifically to an interleaving method, an
interleaver, a transmitter provided with the interleaver, a
deinterleaving method corresponding to the interleaving
method, a deinterleaver corresponding to the interleaver, and
a receiver provided with the deinterleaver, which are used in
bit-interleaved coding and modulation (BICM) systems with
quasi-cyclic low-density parity-check (QC-LDPC) codes,
quadrature amplitude modulation (QAM) and spatial multi-
plexing for multiple transmit antennas.

BACKGROUND ART

In recent years, communication systems including a trans-
mitter provided with a bit-interleaved coding and modulation
(BICM) encoder have been proposed (e.g. Non Patent Litera-
ture 1).

A BICM encoder performs the following steps, for
example:

(1) encoding data blocks by using quasi-cyclic low-density
parity-check (QC-LDPC) codes, for example;

(2) bit-interleaving the codeword bits obtained by the
encoding, which includes parity interleaving and column-row
interleaving;

(3) demultiplexing the bit-interleaved codewords to obtain
constellation words. The demultiplexing includes processing
equivalent to permutation of columns of an interleaver matrix
used in the column-row interleaving when 16QAM, 64QAM
or 256QAM, for example, are adopted as the modulation
scheme; and

(4) mapping the constellation words onto constellations.

CITATION LIST
Non Patent Literature
Non Patent Literature 1

ETSIEN 302 755 V1.2.1 (DVB-T2 standards)

Non Patent Literature 2
ETSIEN 302 307 V1.2.1 (DVB-S2 standards)
SUMMARY OF INVENTION
Technical Problem

The reception performance of a communication system
can be improved by appropriately mapping codeword bits,
which are based on QC-LDPC codes, onto constellation
words.

Similarly, in a communication system including a trans-
mitter provided with a BICM encoder using spatial multiplex-
ing, the reception performance of the communication system
can be improved by appropriately mapping codeword bits,
which are based on QC-LDPC codes, onto constellation
words of a spatial-multiplexing block.

The present invention aims to provide an interleaving
method, an interleaver, a transmitter provided with the inter-
leaver which are used for applying bit permutation to code-
word bits based on QC-LDPC codes and appropriately map-
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ping the codeword bits onto constellation words of spatial-
multiplexing blocks and thereby improving the reception
performance of a communication system, a deinterleaving
method corresponding to the interleaving method, a deinter-
leaver corresponding to the interleaver, and a receiver pro-
vided with the deinterleaver.

Solution to Problem

In Order to Solve the Above Problems, the Present Inven-
tion Provides an Interleaving Method

An interleaving method performed by a transmitter for a
communication system with quasi-cyclic low-density parity-
check codes, spatial multiplexing, and T transmit antennas, T
being an integer greater than 1, the interleaving method being
used for applying bit permutation to bits of a codeword of a
quasi-cyclic low-density parity-check code in order to gener-
ate a plurality of constellation words constituting a plurality
of spatial-multiplexing blocks from the codeword, the code-
word consisting of N cyclic blocks, and each cyclic block
consisting of Q bits, each spatial-multiplexing block consist-
ing of B bits and consisting of T constellation words, the
interleaving method comprising: a first permutation step of
permuting the N cyclic blocks of the codeword; and a second
permutation step of permuting the bits of the codeword,
whose N cyclic blocks have been permuted, so as to map the
bits to the T constellation words constituting each spatial-
multiplexing block.

Advantageous Effects of Invention

With the interleaving method described above, it is pos-
sible to appropriately map codeword bits based on QC-LDPC
codes onto constellation words and thereby improve the
reception performance of a communication system.

BRIEF DESCRIPTION OF DRAWINGS

FIG.1is ablock diagram of a general transmitter perform-
ing bit-interleaved coding and modulation with spatial mul-
tiplexing over multiple antennas.

FIG. 2 is a block diagram of a bit-interleaved coding and
modulation encoder for spatial multiplexing.

FIG. 3 shows a parity check matrix of an exemplary QC-
LDPC code with cyclic factor Q=8.

FIG. 4 shows an exemplary repeat-accumulate LDPC code
definition.

FIG. 5 shows the information part of the parity-check
matrix, and represents positions of “1” only for the first bit in
each cyclic block corresponding to FIG. 4.

FIG. 6 shows the full parity-check matrix of FIG. 4, con-
taining the entries for all information bits, as well as the
staircase parity part.

FIG. 7 shows the quasi-cyclic structure of the parity-check
matrix of FIG. 6.

FIG. 8 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 5/15 (1/3).

FIG. 9 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 6/15 (2/5).

FIG. 10 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 7/15.

FIG. 11 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 8/15.

FIG. 12 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 9/15 (3/5).

FIG. 13 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 10/15 (2/3).
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FIG. 14 shows the definition of the LDPC code for a code-
word length of 16200 bits and code rate 11/15.

FIGS. 15A to 15C show a 4-QAM (QPSK) constellation, a
16-QAM constellation, and a 64-QAM constellation, respec-
tively.

FIGS. 16A to 16C are a block diagram of a QAM mapper
for 4-QAM (QPSK) constellation, a block diagram of a QAM
mapper for 16-QAM constellation, and a block diagram of a
QAM mapper for 64-QAM constellation, respectively.

FIG. 17 is a schematic illustration of the different robust-
ness levels in an 8-PAM symbol with Gray encoding.

FIG. 18A is a schematic representation of a spatial-multi-
plexing system with 2 antennas and a number of bits per
spatial multiplexing block equal to 6.

FIG. 18B is a schematic representation of a spatial-multi-
plexing system with 2 antennas and a number of bits per
spatial multiplexing block equal to 8.

FIG. 18C is a schematic representation of a spatial-multi-
plexing system with 2 antennas and a number of bits per
spatial multiplexing block equal to 10.

FIG. 19 is a block diagram of a transmitter included in a
communication system according to an embodiment of the
present invention.

FIG. 20 is a block diagram of the BICM encoder shown in
FIG. 19.

FIG. 21 is ablock diagram showing an example structure of
the bit interleaver shown in FIG. 20.

FIG. 22A shows an example of bit permutation function
performed by a section permutation unit shown in FIG. 21
when B=6.

FIG. 22B shows an example of bit permutation function
performed by a section permutation unit shown in FIG. 21
when B=8.

FIG. 22C shows an example of bit permutation function
performed by a section permutation unit shown in FIG. 21
when B=10.

FIG. 23 A shows an example operation for bit permutation
performed by a section permutation unit shown in FIG. 22A.

FIG. 23B shows an example operation for bit permutation
performed by a section permutation unit shown in FIG. 22B.

FIG. 23C shows an example operation for bit permutation
performed by a section permutation unit shown in FIG. 22C.

FIG. 24 A shows an example structure of the bit-interleaved
coding and modulation encoder shown in FIG. 20 when B=6.

FIG. 24B shows an example structure of the bit-interleaved
coding and modulation encoder shown in FIG. 20 when B=8.

FIG. 24C shows an example structure of the bit-interleaved
coding and modulation encoder shown in FIG. 20 when
B=10.

FIG. 25 is a block diagram showing another example struc-
ture of the bit interleaver shown in FIG. 20.

FIG. 26 is ablock diagram showing an example structure of
the bit interleaver shown in FIG. 25, when Q=8, N=12 and
B=6.

FIG. 27 shows results of Monte-Carlo simulations with
blind and iterative demapping for code rate 8/15 and 8 bits per
channel slot.

FIGS. 28A to 28C illustrate a method for finding optimum
QB permutations.

FIG. 29A shows optimized QB permutations for B=6 and
transmitter power ratio 1/1.

FIG. 29B shows optimized QB permutations for B=8 and
transmitter power ratio 1/1.

FIG. 29C shows optimized QB permutations for B=10 and
transmitter power ratio 1/1.

FIG. 30A shows optimized QB permutations for B=6 and
transmitter power ratio 1/2.
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FIG. 30B shows optimized QB permutations for B=8 and
transmitter power ratio 1/2.

FIG. 30C shows optimized QB permutations for B=10 and
transmitter power ratio 1/2.

FIG. 31A shows optimized QB permutations for B=6 and
transmitter power ratio 1/4.

FIG. 31B shows optimized QB permutations for B=8 and
transmitter power ratio 1/4.

FIG. 31C shows optimized QB permutations for B=10 and
transmitter power ratio 1/4.

FIG. 32 is a block diagram of a receiver included in a
communication system according to an embodiment of the
present invention.

DESCRIPTION OF EMBODIMENTS

[Background of the Invention]

FIG. 1 is a block diagram showing a structure of a general
transmitter 1000. The transmitter 1000 includes an input pro-
cessing unit 1100, a bit-interleaved coding and modulation
(BICM) encoder 1200, modulators 1300-1 through 1300-2,
up-converters 1400-1 through 1400-2, radio frequency (RF)
power amplifiers 1500-1 through 1500-2, and transmit anten-
nas 1600-1 through 1600-2.

The input processing unit 1100 formats input bitstreams
relating to a broadcast service into blocks of a predetermined
length. These blocks are called base-band frames.

The BICM encoder 1200 converts the base-band frames
into a plurality of data streams consisting of complex values.
The number of data streams is equal to the number of anten-
nas.

Each stream is further processed by a modulation chain,
which comprises at least the modulators 1300-1 through
1300-2, the up-converters 1400-1 through 1400-2 and the RF
power amplifier 1500-1 through 1500-2, and is output from
the transmit antennas 1600-1 through 1600-2.

Each of the modulators 1300-1 through 1300-2 performs
processing such as Orthogonal Frequency Division Multi-
plexing (OFDM) modulation on the input from the BICM
encoder 1200, and typically includes time and frequency
interleaving for increased diversity.

The up-converters 1400-1 through 1400-2 respectively
performs frequency conversion on the input from the modu-
lators 1300-1 through 1300-2 from the digital base-band to
analog RF.

Each of the RF power amplifiers 1500-1 through 1500-2
performs power amplification on the input from the up-con-
verters 1400-1 through 1400-2, respectively.

The following describes the details of the BICM encoder
1200 shown in FIG. 1, with reference to FIG. 2.

FIG. 2is ablock diagram of the BICM encoder 1200 shown
in FIG. 1 for spatial multiplexing.

The BICM encoder 1200 includes an LDPC encoder 1210,
a bit interleaver 1220, a demultiplexer 1230, QAM mappers
1240-1 through 1240-2, and a spatial-multiplexing (SM)
encoder 1250.

The LDPC encoder 1210 encodes the input blocks, i.e.
base-band frames, by using LDPC codes, to obtain a code-
word, and outputs the codeword to the bit interleaver 1220.

The bit interleaver 1220 performs bit interleaving on the
bits of each LDPC codeword, and outputs the bit-interleaved
code to the demultiplexer 1230.

The demultiplexer 1230 demultiplexes the bit-interleaved
codeword into two bitstreams, and outputs the bitstreams to
the QAM mappers 1240-1 through 1240-2.

Each of the QAM mappers 1240-1 through 1240-2 maps a
plurality of constellation words constituting the input bit-
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stream onto a plurality of complex symbols, and outputs the
symbols to the SM encoder 1250 which is optional. Each
constellation word indicates one of a plurality of constellation
points of a predefined constellation used for constellation
mapping of the constellation word. Note that each of B, and
B, in FIG. 2 denotes the number of bits of a constellation
word.

The SM encoder 1250 typically provides for multiplying
the vector of two complex input signals by an orthogonal
square matrix.

The components of the BICM encoder 1200 in FIG. 2 will
now be explained in more detail.

The following describes LDPC encoding.

The LDPC encoder 1210 encodes base-band frames
according to a specified LDPC code to obtain a codeword.
The present invention is specifically designed for LDPC
block codes with staircase parity structure, as encountered in
the DVB-S2, DVB-T2 and DVB-C2 standards.

Note that “DVB-S2” stands for “Digital Video Broadcast-
ing-Second Generation Satellite”, “DVB-T2” stands for
“Digital Video Broadcasting-Second Generation Terrestrial”,
and “DVB-C2” stands for “Digital Video Broadcasting-Sec-
ond Generation Cable”.

The LDPC block code will now be explained in more
detail.

An LDPC block code is a linear error-correcting code that
is fully defined by its parity check matrix (PCM), which is a
binary sparse matrix that represents the connection of the
codeword bits (also referred to as bit nodes or variable nodes)
to the parity checks (also referred to as check nodes). The
columns and the rows of the PCM correspond to the variable
and the check nodes respectively. Connections of the variable
nodes to the check nodes are represented by entries “1” in the
PCM. Note that the check nodes are denoted by CN.

LDPC codes have variations, and one of which is quasi-
cyclic low-density parity check (QC-LDPC) codes.
QC-LDPC codes have a structure that makes them particu-
larly suitable for hardware implementation. In fact, most if
not all standards today use QC-LDPC codes. The PCM of a
QC-LDPC code has a special structure consisting of circulant
matrices. A circulant matrix is a square matrix in which each
row is a cyclic shift of the previous row with one position, and
can have one, two, or more folded diagonals.

The size of each circulant matrix is Q*Q, where Q is
referred to as the cyclic factor of the LDPC code. Such a
quasi-cyclic structure allows Q check nodes to be processed
in parallel, which is clearly advantageous for efficient hard-
ware implementation.

The PCM of a QC LDPC code has Q*M rows and Q*N
columns, a codeword consisting of N blocks of Q bits. A Q-bit
block is referred to as a quasi-cyclic block or simply cyclic
block throughout this document and is abbreviated as QB.

FIG. 3 shows an exemplary PCM of a QC-LDPC code
when M=6, N=18 and Q=8. In each of FIG. 3, and later
described FIGS. 5-7, each of the smallest squares represents
one entry of the PCM, where the black entries correspond to
“1” and the rest correspond to “0”.

The PCM shown in FIG. 3 has circulant matrices with one
or two folded diagonals. The QC-LDPC code corresponding
to the PCM shown in FIG. 3 encodes a block of 8%12=96 bits
to a codeword of 8*18=144 bits, having therefore a code rate
0f 96/144=2/3.

The code in FIG. 3 belongs to a special family of QC-
LDPC codes called repeat accumulate quasi-cyclic low-den-
sity parity check (RA QC-LDPC) codes. The RA QC-LDPC
codes are well known for their ease of encoding and are
encountered in a large number of standards, such as the sec-
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ond generation DVB standards: DVB-S2, DVB-T2, and
DVB-C2. The left-hand side part of the PCM corresponds to
the information part. The right-hand side part of the PCM
corresponds to the parity part, and the entries “1” in this part
are arranged in a staircase structure.

Note that “DVB” stands for “Digital Video Broadcasting”.

In the following, the definition of the RA QC LDPC codes
used in the DVB-S2, DVB-T2 and DVB-C2 family of stan-
dards, as introduced in Section 5.3.2 and Annexes B and C of
the DVB-S2 standard ETSI EN 302 307, V1.2.1 (August
2009), which is Non Patent Literature 2, will be discussed. In
this family of standards the cyclic factor Q is 360.

Each QC LDPC code is fully defined by a table that con-
tains, for the first bit of each cyclic block in the information
part, the zero-based indices of the check nodes the bit is
connected to. These indices are referred to as “addresses of
the parity bit accumulators” in the DVB-S2 standard.

FIG. 4 shows a table corresponding to the QC LDPC code
of FIG. 3, for example. Note that values of the QB column in
FIG. 4 lists indices of cyclic blocks of only the information
part of the PCM. In the example of FIG. 4, indices of the
check nodes for the first bit in the cyclic block QB are “13”,
“247,¢277,31” and “47”.

FIG. 5 shows the information part of the PCM and repre-
sents positions of “1” only for the first bit in each cyclic block
of FIG. 4. For example, with regard to the first bit in the cyclic
block QB,, matrix entries of CN,;, CN,,, CN,,, CN;, and
CN,, are “1”.

The full parity-check matrix of FIG. 4, containing the
entries for all information bits, as well as the staircase parity
part, is shown in FIG. 6.

In each cyclic block, for the other information bits (exclud-
ing the first bit in the cyclic block), the CN indices are com-
puted with the following formula 1:

1= (lo+gxM)%(QxM)

where q is the bit index (0 . . . Q-1) within a cyclic block;
i,1s the CN index for bit q; 1, is one of the indices of the check
nodes for the first bit in FIG. 4; M is the number of cyclic
blocks in the parity part, i.e. 6 in this example of FIG. 6; Q*M
is the number of parity bits, i.e. 48 in this example of FIG. 6;
and % denotes the modulo operator.

In order to reveal the quasi-cyclic structure of the parity-
check matrix in FIG. 6, the following permutation computed
with the following formula 2 is applied to the rows of the
PCM, the resulting matrix being shown in FIG. 7. The per-
mutation computed by the formula 2 is referred to as row
permutation throughout this document:

[Formula 1]

J=E%M)x Q+floor(i/M)

where i and j are the zero-based indices of the non-per-
muted and the permuted CNs, respectively, M is the number
of cyclic blocks in the parity part, Q is the number of bits of
each cyclic block, % denotes the modulo operator, and floor
(/M) is a function returning the largest integer that is equal to
or less than i/M.

Since the row permutation is not applied to the bits (i.e., the
columns are not permuted), the LDPC code definition does
not change. The parity part of the resulting parity-check
matrix is not quasi cyclic, however. In order to make it quasi
cyclic, a special permutation computed with the following
formula 3 must be applied to the parity bits only. Note that the
permutation computed with the following formula 3 will be
referred to as parity permutation or parity interleaving
throughout this document.

[Formula 2]

J=%Q)xM+floor(i/Q) [Formula 3]
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where i and j are the zero-based indices of the non-per-
muted and permuted parity bits respectively, M is the number
of cyclic blocks in the parity part, Q is the number of bits of
each cyclic block, % denotes the modulo operator, and floor
(1/Q) is a function returning the largest integer that is equal to
or less than 1/Q.

This permutation computed with the formula 3 does
change the QC LDPC code definition. Moreover, this permu-
tation will be regarded as part of the LDPC encoding process
from now on.

In the following we introduce the seven QC LDPC codes
that will be specified by the upcoming DVB-NGH standard,
which is now under development and is intended for terres-
trial reception of digital video services on handheld devices.
NGH stands for next-generation handheld.

The DVB-NGH standard will specify seven QC LDPC
codes. All codes have a cyclic factor Q=360 and N=45 cyclic
blocks per codeword. The codeword length is therefore 16200
bits. The following code rates are defined by the DVB-NGH
standard: 5/15 (1/3), 6/15 (2/5), 7/15, 8/15, 9/15 (3/5), 10/15
(2/3), and 11/15. The definitions of these seven QC LDPC
codes are given in the tables shown in FIGS. 8 to 14, respec-
tively, in the format introduced in FIG. 4 above.

Note that since the LDPC encoding process using the QC
LDPC codes shown in FIGS. 8 to 14 is substantially the same
as the process described in the DVB-S2 standard, those
skilled in the art are supposed to understand the process.

Here, the LDPC encoding process performed by the LDPC
encoder 1210 is specifically described in the format described
in the DVB-S2 standard, with reference to FIG. 8, as an
example.

The LDPC encoder systematically encodes an information
block (input from the LDPC encoder) i of size K, into an
LDPC code c of size of N, as in formula 4 below.

Let i=(ioiy, - -, ixgp 1)
C:(Cojcl,cz, cee CNldpcfl):(iOJil -----
Ko LPOL 1 - - :PNMPFKMPCA) [Formula 4]
where

gy dpyeees iKMpc_lz information bits

Po: Pis - - - Py Kyt parity bits

Note that the parameters (N, K;;,.) for QC LDPC code
with code rate 5/15 are (16200, 5400).

The task of the LDPC encoder 1210 is to compute the
Nype=Kigpe parity bits for every block of K., information
bits. The procedure is as shown below.

First, the parity bits are initialized as shown in formula 5.

Po™P1™ - :pdepc*szprl:O [Formula 5]

The first information bit i, is accumulated at each parity bit
address specified in the first row (each check node index) of
FIG. 8. More specifically, the operations of Equation 3 are
performed. To be specific, the calculation in the following
formula 6 is performed.

Pars=Pa16Dio

Paseo=P2se0Dio
P20127P2012Pio
P31127P3112Pio
P3216=P3216Dio
Parss=PaseDio

Passo=PaseoDid 0
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Peaos=PeaosPio
Pe7237P6723Pio
Peo127Psa12Pio
Pss93=Psso3Dio

Psooo=PsaooPDio [Formula 6]

where, the symbol € stands for XOR.

For the next 359 information bits 1,,, (m=1, 2, .. .359),1,, is
accumulated at each parity bit address {x+(m mod 360)xq}
mod (N,,,.~K;;,.). Note that x denotes the address of the
parity bit accumulator corresponding to the first information
biti,, and q is a constant dependent on the code rate 5/15. The
value of q is given by q=(N,,;,.~K;;,.)/360=(16200-5400)/
360=30.

For the 361* information bit1, 4, the addresses of the parity
bit accumulators are given in the second row of FIG. 8. In a
similar manner, for the next 359 information bits 1,, (m=361,
362, ...719), the addresses of the parity bit accumulators are
given by {x+(m mod 360)xq} mod (N,;,.~K,,..). Note that x
denotes the address of the parity bit accumulator for the 360
information bit 15, i.e. the entries in the second row of FIG.
8.

In a similar manner, for every group of 360 new informa-
tion bits, a new row from FIG. 8 is used to find the addresses
of the parity bit accumulators.

After all of the information bits are exhausted, the final
parity bits are obtained as follows.

Sequentially perform the operations of formula 7 starting
with i=1.

Pi=pp; 11712, .., [Formula 7]

where, the symbol € stands for XOR.

Final content of p, (i=0, 1, ... N;,;,.~K,,,.~1) is equal to the
parity bit p,.

Note that the same description as given above in the
example directed to FIG. 8 is applicable to FIGS. 9 through
14, by simply replacing the values of the entries in each row
of FIG. 8 with those of FIGS. 9 through 14.

Yet, in the case of FIG. 9 (code rate 2/5), the parameters
(N ipe Kigpe) for QC LDPC code are (16200, 6480) and g=27.
In the case of FIG. 10 (code rate 7/15), the parameters (N, .,
Kiape) for the QC LDPC code are (16200, 7560) and q=24. In
the case of FIG. 11 (code rate 8/15), the parameters (N,,..,
Kiipe) for the QC LDPC code are (16200, 8640) and q=21. In
the case of FIG. 12 (code rate 9/15), the parameters (N,,..,
K, 4pc) for the QC LDPC code are (16200, 9720) and g=18. In
the case of FIG. 13 (code rate 10/15), the parameters (N,
K, 4pc) for the QC LDPC code are (16200, 10800) and g=15.
In the case of FIG. 14 (code rate 11/15), the parameter (N,
Kiape) Tor the QC LDPC code are (16200, 11880) and q=12.

Although the above description of QC LDPC codes com-
plies with the notation of DVB-S2, according to the notation
of DVB-T2 or DVB-NGH, q mentioned above is written as
Qe Tor example.

The LDPC encoder 1120 performs the operations of the
following formula 8 on the codeword acquired from encod-
ing. Let 2 and u are the bits of the non-permuted and permuted
parity bits respectively:

NiapeKigpe=1

u=h0si<Ky,,.

uKMpC+3 60 0=5<360,0=1<0, 4, [Formula 8]

t+5:}‘szpc+depcS+t:

In formula 8, K, denotes the number of information bits
of'a QC LDPC codeword and information bits are not inter-
leaved. The cyclic factor Q of the parity-check matrix is 360.
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Note that Q,,,.=(N;4,.~K;4,.)/360=30 for code rate 5/15,
whereas Q,,,.=27 for code rate 2/5, Q,,,.=24 for code rate
7115, Q;4p=21 for coderate 8/15, Q,,,.~18 for code rate 9/15,
Quape=15 for code rate 10/15, and Q,,,.=12 for code rate
11/15.

The following briefly describes cyclic blocks constituting
the QC LDPC code in this document, and indices of cyclic
blocks. The permuted QC LDPC codeword (the QC LDPC
codeword whose parity bits are permuted) is sequentially
grouped into blocks composed of Q bits, i.e., 360 bits starting
from v, in the formula 8. Such blocks are the cyclic blocks of
the QC LDPC codeword. Subsequently, indices “17, “2” and
so on are sequentially assigned to the cyclic blocks starting
from u,,.

The following describes encoding for spatial multiplexing.

The present invention deals specifically with spatial-mul-
tiplexing systems with two transmit antennas. In such a sys-
tem, two complex QAM symbols, denoted by s, ands, in FIG.
2, are transmitted in the same channel slot. In the case of
OFDM modulation, a channel slot is represented by an
OFDM cell, which is defined as one subcarrier in an OFDM
symbol. The two complex QAM symbols form a spatial-
multiplexing (SM) pair.

The two complex QAM symbols in an SM pair can be
transmitted uncoded, i.e. each over its own antenna, or an
additional spatial-multiplexing encoding step can be applied
by the SM encoder 1250, as shown in FIG. 2, whereby the two
complex QAM symbols s, and s, are jointly encoded to pro-
duce two complex symbols x; and x,. The SM encoding
typically consists in multiplying the vector [s; s,] by a 2x2
complex generator matrix G, as shown by the following for-
mula 9:

[Xl } _ G[Sl } _ [gu g2 Hsl }
X2 52 821 822 U152

The following describes QAM mapping.

The present invention deals specifically with the case when
both complex QAM symbols of an SM pair (s1, s2) have
square quadrature amplitude modulation QAM constella-
tions. The two square QAM constellations are not necessarily
of the same size.

A QAM symbol is obtained by independently modulating
the real and the imaginary components using pulse-amplitude
modulation (PAM), each point in the constellation corre-
sponding to a unique combination of bits.

FIGS. 15A-15C show the three types of square QAM con-
stellations relevant to the present invention: 4-QAM,
16-QAM, and 64-QAM.

In the square QAM constellations, the real and imaginary
components have the same PAM modulation. To be specific,
in the case of 4-QAM constellation, the real and imaginary
components have the same 2-PAM modulation, in the case of
16-QAM constellation, the real and imaginary components
have the same 4-PAM modulation, and in the case of
64-QAM constellation, the real and imaginary components
have the same 8-PAM modulation.

The present invention also assumes that the PAM mapping
has a Gray encoding, as shown in FIGS. 15A-15C.

FIGS. 16A-16C show the corresponding QAM mappers
for the three square QAM constellations shown in FIGS.
15A-15C.

As shown in FIGS. 16 A-16C, each QAM mapper consists
of two independent PAM mappers, each encoding the same
number of bits.

[Formula 9]
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FIG. 16A shows a block diagram of a QAM mapper for
QPSK (4-QAM) constellation. A QAM mapper 1240A
includes two independent PAM mappers 1241A and 1245A
for 2-PAM constellation, one for the real part and the other for
the imaginary part. Each of the PAM mappers 1241A and
1245A encodes one bit, and therefore the QAM mapper
1240A encodes two bits in total.

FIG. 16B shows a block diagram of a QAM mapper for
16-QAM constellation. A QAM mapper 12408 includes two
independent PAM mappers 1241B and 1245B for 4-PAM
constellation, one for the real part and the other for the imagi-
nary part. Each of the PAM mappers 1241B and 1245B
encodes two bits, and therefore the QAM mapper 1240B
encodes four bits in total.

FIG. 16C shows a block diagram of a QAM mapper for
64-QAM constellation. A QAM mapper 1240C includes two
independent PAM mappers 1241C and 1245C for 8-PAM
constellation, one for the real part and the other for the imagi-
nary part. Each of the PAM mappers 1241C and 1245C
encodes three bits, and therefore the QAM mapper 1240C
encodes six bits in total.

The bits encoded in a PAM symbol have different robust-
ness levels (reliabilities) when the received PAM symbol is
demapped in the receiver. This is a well known fact and is
illustrated in FIG. 17 for an 8-PAM symbol with Gray encod-
ing. The different robustness levels result from the fact that
the distance between the two partitions defined by a bit (0 or
1) is different for each of the three bits. The reliability of a bit
is proportional to the average distance between the two par-
titions defined by that bit. In the example shown in FIG. 17,
bit b, has the lowest robustness level (reliability), bit b, has
the second lowest robustness level (reliability), and bit b; has
the highest robustness level (reliability).

Note that, 4-QAM constellation has one robustness level,
16-QAM constellation has two robustness levels and
64-QAM constellation has three robustness levels.

In each square QAM constellation (square QAM constel-
lations corresponding to FIGS. 16 A-16C, for example), b, r,
and b, ., (i=1,...) have the same robustness level, and the
robustness level (reliability) ofb,,, z, andb,,, ,, (=1,...)is
greater than the robustness level (reliability) of b, ., b, 1,,.

Prior to transmission, the QAM symbols are normalized in
power by multiplying them with a scaling factor K. The value
of K is: (1) sqrt(2) for QPSK (4-QAM), (ii) sqrt(10) for
16-QAM, and (iii) sqrt(42) for 64-QAM, where sqrt(x) is a
function that returns the square root of x. Note that multiply-
ing the QAM symbols with a scaling factor K is performed by
the QAM mapper.

From now on we denote the number ofbits in the two QAM
symbols of an SM pair by B, and B, respectively. Since the
QAM constellations are square, B, and B, are even. In the
following, the bits encoded in a QAM constellation will be
referred to as a constellation word, and the bits encoded in an
SM constellation pair will be referred to as a spatial-multi-
plexing (SM) word, or a spatial-multiplexing (SM) block.

A further aspect relevant to the present invention is that,
since a square QAM symbol consists of two independent
PAM symbols, the bits encoded in a QAM symbol can be
grouped in bit pairs having the same robustness.

The following describes configurations in DVB-NGH.

The spatial-multiplexing profile of the DVB-NGH stan-
dard will support the three SM configurations shown in Table
1. The SM configurations are defined for the combination of
QAM symbol sizes of two complex QAM symbols S, and S,.
Note that the number of bits of a channel slot (the number of
bits of'a SM block) matches the sum of bits of QAM constel-
lations used to generate the two complex QAM symbols S,
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and S, (the sum of bits of constellation words constituting the
SM block). According to the DVB-NGH standard, for each of
the three SM configurations there are three different ratios of
the transmit power applied to the two transmit antennas,
namely transmit power ratio 1/1, 1/2, and 1/4.

TABLE 1

12
mance A typical measure of the performance is the bit error
rate (BER) or the block error rate (BLER) as a function of the
signal-to-noise ratio (SNR).
The different importance levels of the bits of an LDPC
codeword result primarily from the fact that not all the bits are

SM configurations used in DVB-NGH

Tx power Tx power Tx power
ratio 1/1 ratio 1/2 ratio 1/4
#bitsper QAM symbol 0 0 0
channel slot sizes B (degy «a B (deg) « B (deg) «
6 s1: 4-QAM 1/2 45.00 0.44 1/3 0.00 0.50 1/5 0.00 0.50
(2 bits)
s2: 16-QAM
(4 bits)
8 sl: 16-QAM 1/2 57.76 0.50 1/3 25.00 0.50 1/5 0.00 0.50
(4 bits)
s2: 16-QAM
(4 bits)
10 sl: 16-QAM 1/2 22.00 0.50 1/3 15.00 0.50 1/5 0.00 0.50
(4 bits)
s2: 64-QAM

(6 bits)

Note that the transmit power ratio is a ratio of transmit
power of complex symbol X, to transmit power of complex
symbol x, (transmit power of complex symbol x,/transmit
power of complex symbol x,), which is output from the SM
encoder 1250. The generator matrix G used by the SM
encoder 1250 adjusts the transmit power ratio.

The generator matrix G of the SM encoder 1250 has the
following generic expression, shown in the formula 10:

L0 VB 0 cosf  sinf [Formula 10]
G= [0 2I&) H 0 -7 e M sind _COSO}
[ Ve oo }
0 l-«o

The phase ¢(k) is a variable phase that changes for each
channel slot. The 8, 6, and a parameters may change in the
final version of the standard. Their concrete values are not
relevant to the present invention. What is important is the
QAM size on each transmit antenna for the three configura-
tions and the transmit power ratios.

The following describes interleaving performed on the bits
of an LDPC codeword.

Typically, the bits of an LDPC codeword have different
importance levels, and the bits of a constellation have difter-
ent robustness levels. A direct, i.e. non-interleaved, mapping
of'the LDPC codeword bits to the constellation bits leads to a
suboptimal performance. In order to avoid such performance
degradation the codeword bits need to be interleaved prior to
being mapped onto constellations.

In order to interleave the LDPC codeword bits, the bit
interleaver 1220 and the demultiplexer 1230 are used
between the LDPC encoder 1210 and the QAM mappers
1240-1 through 1240-2, as illustrated in FIG. 2. By carefully
designing the bit interleaver 1220 and the demultiplexer
1230, an optimal association can be achieved between the bits
of the LDPC codeword and the bits encoded by the constel-
lation, which leads to improvement of the reception perfor-
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involved in the same number of parity checks. The more
parity checks (check nodes) a codeword bit (variable node) is
involved in, the more important that bit is in the iterative
LDPC decoding process. A further reason is the fact that the
variable nodes have different connectivities to the cycles in
the Tanner graph representation of the LDPC code, so code-
word bits may have different importance levels even when the
codeword bits are involved in the same number of parity
checks. These aspects are well understood in the art. As a
general rule, the importance level of a variable node increases
with the number of check nodes it is connected to.

Inthe particular case of QC-LDPC codes, all bits in a cyclic
block of Q bits have the same importance since all of them are
involved in the same number of parity checks and have the
same connectivity to the cycles in the Tanner graph.

Thus, in order to improve the reception performance, the
present invention provides a method for mapping the bits of a
QC LDPC codeword to two constellation words constituting
a SM block.

Embodiment 1

An embodiment of the present invention provides an inter-
leaving method for interleaving the bits of a codeword based
on QC-LDPC codes (QC-LDPC codeword) while ensuring
the following conditions:

(A1) the B, bits of each QAM symbol are mapped to
exactly B,/2 cyclic blocks of the QC-LDPC codeword in such
away thateach of the B,/2 cyclic blocks is associated with bits
of the same robustness; and

(A2) the T QAM symbols (e.g., two QAM symbols) of a
spatial-multiplexing (SM) block are mapped onto different
cyclic blocks of the QC-LDPC codeword.

In other words:

(B1) each constellation word (the number of bits B) is
made up of bits from B,/2 different cyclic blocks of the
QC-LDPC codeword;

(B2) each pair of constellation word bits that have the same
robustness is made up of bits from the same cyclic block; and

(B3) constellation words for different antennas are made
up of bits from different cyclic blocks.
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An SM block is made up of bits from B/2 cyclic blocks.

An SM block consists of B bits, and consists of T constel-
lation words.

The t in B, is indices of antennas (indices of constellation
words in an SM block).

As described above, cyclic blocks of the predetermined
QC-LDPC code have different importance levels. The impor-
tance level of a cyclic block depends on the number of check
nodes connected to bits (variable nodes) constituting the
cyclic block. Therefore, transmission performance can be
improved by matching the importance level of the cyclic
block with the robustness level of bits of a constellation word
onto which the cyclic block is mapped. Especially, a bit of the
cyclic block having the highest importance level needs to be
mapped on a bit of the constellation word having the highest
robustness level. In contrast, a bit of the cyclic block having
the lowest importance level needs to be mapped on a bit of the
constellation word having the lowest robustness level.

When the number of transmit antennas is two (constella-
tion words of the SM block are two), mapping of the bits of
QC LDPC codeword onto the two constellation words con-
stituting the SM block (SM word) will be explained in the
following. The present invention is specifically optimized for
and works in conjunction with such a mapping.

The bits of QC LDPC codes are mapped to two constella-
tion words constituting the SM block such that:

(C1) each SM word is made up of bits from (B1+B2)/2
different cyclic blocks of the codeword,

(C2) each pair of SM word bits that are encoded in the same
QAM symbol and have the same robustness is made up of bits
from the same cyclic block, and

(C3) constellation words for different transmit antennas
are made up of bits from different cyclic blocks.

Specifically, the Q*B/2 bits of the B/2 cyclic blocks are
mapped to Q/2 spatial-multiplexing blocks. In this case, the
B/2 cyclic blocks are referred to as a section.

Such a configuration is shown in FIGS. 18A to 18C for a
spatial-multiplexing system with two antennas and a number
of bits per spatial-multiplexing block equal to 6, 8, and 10
respectively. The thick borders group bits belonging to the
same SM block. In these examples the LDPC parameters are:
the cyclic factor Q=8, and the number of cyclic blocks per
codeword N=15.

For the cases where N is not a multiple of B/2, i.e. B=8 in
the above examples, the codeword cannot be divided into
sections of B/2 cyclic blocks each. Therefore, the codeword is
divided into (i) a group of X cyclic blocks, where X is the
remainder of N divided by B/2 (this group is hereinafter
referred to as “remainder group™), and (ii) a group of one or
more sections each consisting of B/2 cyclic blocks. The map-
ping for the remainder group is not a subject of the present
invention. One option is to perform the mapping sequentially.

For the cases where N is a multiple of B/2, i.e. B=6 and 10
in the above examples, the coded word can be divided into one
or more sections of B/2 cyclic blocks each.

<Transmitter>

The following describes a transmitter included in a com-
munication system according to an embodiment of the
present invention, with reference to the drawings.

FIG. 19 is a block diagram of a transmitter 100 according
to an embodiment of the present invention. The transmitter
100 includes an input processing unit 110, a bit-interleaved
coding and modulation (BICM) encoder 120, (OFDM)
modulators 130-1 through 130-4, up-converters 140-1
through 140-2, RF power amplifiers 150-1 through 150-2,
and transmit antennas 160-1 through 160-2. Except for the
BICM encoder 120, each component performs substantially

20

40

45

55

14

the same processing as the corresponding component of the
transmitter 1000 shown in FIG. 1, and the detailed descrip-
tions are omitted.

The following describes in detail the BICM encoder 120
shown in FIG. 19, with reference to FIG. 20.

FIG. 20 is a block diagram of the BICM encoder 120 shown
in FIG. 19 for spatial multiplexing.

The BICM encoder 120 includes an LDPC encoder 121, a
bit interleaver 122, a demultiplexer 123, QAM mappers
124-1 through 124-4, and a spatial-multiplexing (SM)
encoder 125. Except for the bit interleaver 122 and the demul-
tiplexer 123, each component performs substantially the
same processing as the corresponding component of the
BICM encoder 1200 shown in FIG. 2.

The LDPC encoder 121 generates a codeword by using
LDPC codes and outputs the codeword to the bit interleaver
122. The codeword generated by the LDPC encoder 121
consists of N cyclic blocks, and each cyclic block consists of
Q bits.

For example, the LDPC encoder 121 uses, as a QC LDPC
code, QC LDPC codes shown in FIGS. 8 through 14. In this
case, Q=360 and N=45.

The bit interleaver 122 receives the codeword from the
LDPC encoder 121, and interleaves the bits of the received
codeword. The demultiplexer 123 demultiplexes the inter-
leaved bits of the codeword (i.e. divides the bits into a plural-
ity of bit sequences, and applies permutation to the bit
sequences), and maps the bits onto constellation words. The
bit interleaver 122 and the demultiplexer 123 perform their
respective processing on one or all of the bits of the LDPC
codeword so as to fulfill the conditions (Al) and (A2)
(namely, conditions (B1), (B2) and (B3), when T=2, condi-
tions (C1), (C2) and (C3)).

Each of the QAM mappers 124-1 through 124-2 maps the
constellation words provided by the demultiplexer 123 onto
complex QAM symbols. The SM encoder 125 performs cod-
ing for spatial-multiplexing on the complex QAM symbols
provided by the QAM mappers 124-1 through 124-2.

The following explains an example of the bit interleaver
122 shown in FIG. 20, with reference to FIG. 21.

FIG. 21 is a block diagram showing an example structure of
the bit interleaver 122 shown in FIG. 20.

In the case of the bit interleaver 122 whose example struc-
ture is shown in FIG. 21, N cyclic blocks are divided into (i)
a group of one or more sections each consisting of B/2 cyclic
blocks and (ii) a group of X cyclic blocks, where X is the
remainder of N divided by B/2 (i.e. remainder group). When
N is a multiple of B/2, no remainder group exists.

For example, when N=15, Q=8, B=6, which is the case
corresponding to the case shown in FIG. 18A, the number of
the cyclic blocks associated with one section is B/2=3, the
number of the SM blocks is Q/2=4, and the number of the
sections is 5.

When N=15, Q=8, B=8, which is the case corresponding to
the case shown in FIG. 18B, the number of the cyclic blocks
associated with one section is B/2=4, the number of the SM
blocks is Q/2=4, the number of the sections is 3, and the
number of the cyclic blocks in the remainder group is 3.

When N=15, Q=8, B=10, which is the case corresponding
to the case shown in FIG. 18C, the number of the cyclic blocks
associated with one section is B/2=5, the number of the SM
blocks is Q/2=4, and the number of the sections is 3.

The bit interleaver 122, whose example structure is shown
in FIG. 21, includes section permutation units 122-1, 122-2,
122-3 and so on, for each section. When N is not a multiple of
B/2, some cyclic blocks does not belong to any section. With
respect to such cyclic blocks, namely blocks not belonging to
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any section, bit permutation may not be performed or per-
formed according to a given permutation rule.

Each of the section permutation units 122-1, 122-2, 122-3
and so on outputs Q*(B/2) bits of the B/2 cyclic blocks after
applying bit permutation to them so that Q bits of cyclic block
QB are mapped to two bits of each of /2 SM blocks. Then,
the demultiplexer 123 outputs the constellation words after
applying bit permutation for each SM block so that two bits in
the same cyclic block in each SM block is mapped to two bits
having the same robustness in the same constellation word.
The section permutation units 122-1, 122-2, 122-3 and so on
may operate independently from each other. It is not neces-
sary that one section permutation unit is provided for each
section. A smaller number of section permutation units than
the number of sections may be used by a time-division
scheme.

The following explains an example operation of a section
permutation unit shown in FIG. 21 when Q=8 and B=6, 8 or
10, with reference to FIGS. 22A through 22C and FIGS. 23A
through 23C.

FIG. 22 A shows an example of the bit permutation function
performed by a section permutation unit when Q=8 and B=6.
FIG. 23A shows an example operation for bit permutation
performed by the section permutation unit shown in FIG.
22A.

As shown in FIG. 22A, the section permutation unit 122-
1A applies bit permutation to the input bits so that the bits of
the three (i.e. B/2=3) cyclic blocks QB, through QB, are
mapped to the bits of four (i.e. Q/2=4) SM blocks SMB,
through SMB,,.

To apply bit permutation to the input bits shown in FIG.
22A, the section permutation unit 122-1A performs process-
ing that is equivalent to column-row interleaving as shown in
FIG. 23A for example, by which the section permutation unit
122-1A writes bits row-wise into an interleaver matrix having
Q columns and B/2 rows (=eight columns and three rows) and
reads bits column-wise from the interleaver matrix. In FIG.
23A, and in FIGS. 23B through 23C which will be described
later, the order of bit writing is represented by a dotted arrow,
and the order of bit reading is represented by a bold arrow.

FIG. 22B shows an example of the bit permutation function
performed by a section permutation unit when Q=8 and B=8.
FIG. 23B shows an example operation for bit permutation
performed by the section permutation unit shown in FIG.
22B.

As shown in FIG. 22B, the section permutation unit 122-
1B applies bit permutation to the input bits so that the bits of
the four (i.e. B/2=4) cyclic blocks QB, through QB, are
mapped to the bits of four (i.e. Q/2=4) SM blocks SMB,
through SMB,.

To apply bit permutation to the input bits shown in FIG.
22B, the section permutation unit 122-1B performs process-
ing that is equivalent to column-row interleaving as shown in
FIG. 23C for example, by which the section permutation unit
122-1B writes bits row-wise into an interleaver matrix having
Q columns and B/2 rows (=eight columns and four rows) and
reads bits column-wise from the interleaver matrix.

FIG. 22C shows an example of the bit permutation function
performed by a section permutation unit when Q=8 and
B=10. FIG. 23C shows an example operation for bit permu-
tation performed by the section permutation unit shown in
FIG. 22C.

As shown in FIG. 22C, the section permutation unit 122-
1C applies bit permutation to the input bits so that the bits of
the five (i.e. B/2=5) cyclic blocks QB, through QB; are
mapped to the bits of four (i.e. Q/2=4) SM blocks SMB,
through SMB,
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To apply bit permutation to the input bits shown in FIG.
22C, the section permutation unit 122-1C performs process-
ing that is equivalent to column-row interleaving as shown in
FIG. 23C for example, by which the section permutation unit
122-1C writes bits row-wise into an interleaver matrix having
Q columns and B/2 rows (=eight columns and five rows) and
reads bits column-wise from the interleaver matrix.

Each section permutation unit described with reference to
FIGS. 22A through 22C and FIGS. 23 A through 23C can be
generalized as follows.

The input bits to the section permutation unit are the bits of
cyclic blocks QBj/,+;,, thorough QB 5., 5/», and the output
bits to the section permutation unit are the bits of SM blocks
SMB,,/54,,, through SMB,,,., /. The section permutation
unit performs processing that is equivalent to column-row
interleaving, by which the section permutation unit writes bits
row-wise into an interleaver matrix having Q columns and
B/2 rows, and reads column-wise from the interleaver matrix.
Note that Q is a cyclic factor, and B is the number of bits of an
SM block.

The following describes example operations performed by
the bit interleaver, demultiplexer and QAM mapper pathway
ofthe BICM encoder 120 shown in FIG. 20, with reference to
FIGS. 24A through 24C. It is assumed that the number of
transmit antennas (i.e. the number of constellation words for
each SM block) is two.

FIG. 24 A shows an example structure of the bit interleaver,
demultiplexer and QAM mapper pathway of a BICM encoder
when B=6.

The QC LDPC codewords generated by the LDPC encoder
(not depicted in this figure. See FIG. 20) included in the
BICM encoder 120A is fed to the bit interleaver 122 A, which
includes the section permutation unit described with refer-
ence to FIG. 22A and FIG. 23A. The bits of the QC LDPC
codewords are interleaved by the bit interleaver 122 A, and the
codewords with the interleaved bits are fed to the demulti-
plexer 123A.

Inthe example shown in FIG. 24 A, the demultiplexer 123 A
applies bit permutation to the bits y, through y, to arrange
them in the order of y,, Y., V., Y3, Vs, Ve. As a result, the bits
(¥1,y.) aremapped to the constellation word C , (b, z.. b, 7,.)
and the bits (y,, V3, ¥s, ¥s) are mapped to the constellation
word Cg (b1, g ba, zes b1, s Do, )

The 4-QAM mapper 124 A-1 maps the constellation words
C,namely (b, ., b, ;,),tothe complex symbols (Re, Im) by
using two 2-PAM mappers. In contrast, the 16-QAM mapper
124A-2 maps the constellation words Cgz, namely (b, .,
by zes b1, s ba, 1), to the complex symbols (Re, Im) by using
two 4-PAM mappers.

The SM encoder 125A performs coding for spatial-multi-
plexing on the complex symbols s, s, to generate transmis-
sion signals x; and x,.

FIG. 24B shows an example structure of the bit interleaver,
demultiplexer and QAM mapper pathway of a BICM encoder
when B=8.

The QC LDPC codewords generated by the LDPC encoder
(not depicted in this figure. See FIG. 20) included in the
BICM encoder 120B is fed to the bit interleaver 122B, which
includes the section permutation unit described with refer-
ence to FIG. 22B and FIG. 23B. The bits of the QC LDPC
codewords are interleaved by the bit interleaver 122B, and the
codewords with the interleaved bits are fed to the demulti-
plexer 123B.

Inthe example shown in FIG. 24B, the demultiplexer 123B
applies bit permutation to the bits y, through y to arrange
them in the order of ¥, V., Vs, Ve» V3, Y4 V75 Vs. As a result, the
bits (V;, Y2, Vs, V) are mapped to the constellation word C,
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(b1 ges b2,res b1 sms bapm) and the bits (v, ¥4, ¥7. V) are
mapped to the constellation word Cy (b, 4., by 4., b
b2,1m)'

The 16-QAM mappers 124B-1 and 124B-2 map the con-
stellation word C4, Cg (b; gos bs zes» by, s b, 1) 10 the
complex symbol (Re, Im) by using two 4-PAM mappers,
respectively.

The SM encoder 125B performs coding for spatial-multi-
plexing on the complex symbols s, and s, to generate trans-
mission signals x; and x,.

FIG. 24C shows an example structure of the bit interleaver,
demultiplexer and QAM mapper pathway ofa BICM encoder
when B=10.

The QC LDPC codewords generated by the LDPC encoder
(not depicted in this figure. See FIG. 20) included in the
BICM encoder 120C is fed to the bit interleaver 122C, which
includes the section permutation unit described with refer-
ence to FIG. 22C and FIG. 23C. The bits of the QC LDPC
codewords are interleaved by the bit interleaver 122C, and the
codewords with the interleaved bits are fed to the demulti-
plexer 123C.

In the example shown in FIG. 13C, the demultiplexer 123C
applies bit permutation to the bits y, through y,, to arrange
them in the order of y,, ¥5. Vs, ¥7: ¥3: Ya» ¥5: ¥5: Yo, Y1o- A @
result, the bits (y,, ¥, ¥, ¥,) are mapped to the constellation
word C; (by, ze, bo, ges by, s b2, 1), and the bits (V3. Ya. Vs, ¥se
Yo» ¥10) are mapped to the constellation word Cj, (b, g,, b, £.

1,0m>

b3,ReS 1. Im> ~2,Im> b3,1m .

The 16-QAM mapper 124C-1 maps the constellation
words C 4, namely (b, g,, bs g b1 75 b2, 1), to the complex
symbols (Re, Im) by using two 4-PAM mappers. In contrast,
the 64-QAM mapper 124C-2 maps the constellation words
Cg,namely (b, ., bs 2.y b3 zes By 1 Da 1 b3 1), 10 the com-
plex symbols (Re, Im) by using two 8-PAM mappers.

The SM encoder 125C performs coding for spatial-multi-
plexing on the complex symbols s, and s, to generate trans-
mission signals x; and X,,.

Each demultiplexer described with reference to FIGS. 24A
through 24C can be generalized as follows. Here, it is
assumed that the number of bits of an SM block is B, the
number of antennas (constellation words) is T, the number of
bits of a constellation word C, is B,=2*Fi. Here, i denotes the
index of an antenna (constellation word) and is an integer
falling within the range from 1 to T.

When L=L, ;+F, ; (where L,=0), the demultiplexer
applies bit permutation to the input bits so that the bits (y;,,;,

Yriv2s + « + s YLivFis YB/2+Liv1ls YB/24Liw2s -+« > y3/2+Li+Fi) are

mapped to the constellation word C,.

Embodiment 2

In Embodiment 2, description is made on a bit interleaver
with a different structure from the bit interleaver 122
described in Embodiment 1. Note that in Embodiment 2,
constituent elements that perform substantially the same pro-
cessing as the processing performed by the constituent ele-
ments of Embodiment 1 are indicated with the same reference
signs, and a description thereof is omitted.

FIG. 25 is a block diagram showing another example struc-
ture of the bit interleaver pertaining to Embodiment of the
present invention. A bit interleaver 300 shown in FIG. 25
includes cyclic block permutation unit 310 in addition to the
structure of the bit interleaver 122 shown in FIG. 21.

FIG. 26 shown as an example of a bit interleaver shown in
FIG. 25, when Q=8, N=12 and B=6. However, an LDPC code
consists of N=12 cyclic blocks QBy, . . ., QB,, with Q=8 bits
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each. The bits of'the LDPC code are mapped to 16 SM blocks
SMB,, SMB,, . .., SMB, ; having 6 bits each.

The bit interleaver 300 shown in FIG. 25 performs permu-
tation consisting of at least two stages on the QC LDPC
codeword, and includes the cyclic block permutation unit 310
and section permutation units 122-1, 122-2 and so on.

In a first stage, the bit interleaver 300 applies a cyclic block
permutation to the QC LDPC codeword in order to rearrange
the sequence of N cyclic blocks constituting the QC LDPC
code, without affecting the sequence of the bits within each
cyclic block. The first stage is performed by the cyclic block
permutation unit 310.

In a second stage, the bit interleaver 300 maps the bits of
the permuted QC LDPC codeword (LDPC codeword with the
shuftled cyclic blocks) to SM blocks. Such mapping is imple-
mented by dividing the QC LDPC codeword into a plurality
of sections such that the bits of the QC LDPC codeword are
mapped to the SM blocks on a section-by-section basis. Note
that the second stage is performed by the section permutation
units 122-1, 122-2, and so on. The bits mapped to the SM
blocks by the bit interleaver 300 are demultiplexed by the
demultiplexer 123 (see FIG. 20), and subsequently, mapped
to a plurality of the constellation words of the SM blocks.

Each section is preferably made up of B/2 cyclic blocks
such that the above conditions (i) and (ii) can be met.

The inventor has realized that the performance of the com-
munication system can be improved for a given LDPC code
by optimizing the cyclic block permutation, i.e., by choosing
a cyclic block permutation that matches constellation bits of
different reliabilities with cyclic blocks of different impor-
tance levels.

The mapping of cyclic blocks to constellation word bits,
however, is not straightforward. Finding optimized cyclic
block permutations is a very time-consuming process as no
analytical solutions are known so far. The method used for
finding the optimized cyclic block permutations disclosed in
the present invention consists of the following steps, which
are applied for each of the 3x3x7=63 configurations, using
the formula (number of B)x(number of transmit power
ratios)x(number of code rates).

As a preliminary step, several (10 . . . 100) unconstrained
random QB permutations are generated. For these cyclic
block permutations, Monte-Carlo simulations are performed
with blind and iterative demapping in order to generate the
corresponding BLER-vs-SNR plots. FIG. 27 shows 20 such
plots for the code rate 8/15 and B=8 bits per channel slot. The
FIG. 27 also shows in bold lines simulation results for the
optimized permutation found by applying the steps disclosed
in the present invention.

The inventor discovered that optimizing the QB permuta-
tion for blind demapping results in suboptimal performance
with iterative demapping and vice versa. Finding permuta-
tions that are good for both types of demapping remains a
challenging task.

It is therefore an object of the present invention to present
cyclic block permutations that have good performance with
both blind and iterative demapping.

From the preliminary step, the SNR range for various
cyclic block permutations can be determined. Then, a thresh-
old SNR is set in order to select only permutations that have
good performance with blind demapping. Good performance
means low SNR. In FIG. 27, for example, the threshold SNR
could be 9.8 dB. The threshold SNR should not be set too low
since that will exclude many permutations that are very good
with iterative demapping. Besides, cyclic block permutations
that are heavily optimized for blind demapping perform badly
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with iterative demapping. Selecting the initial threshold SNR
appropriately is a question of experience.

In a first selection step, a large number of unconstrained
random cyclic block permutations (e.g. >1,000) is generated.
For each cyclic block permutation, the corresponding BLER
curve is determined, e.g. through Monte-Carlo simulations,
and only the cyclic block permutations with a SNR at the
target BLER lower than the defined threshold SNR are
selected.

For the surviving permutations, the BLER curves with
iterative demapping are determined and the best permutation
is selected. As an example it is assumed that this permutation
is:

06 033804342002264325283212213541401337
150830091607 1110424439242229193601233317
1827143105

This cyclic block permutation rearranges the sequence of
the cyclic blocks QB,, QB,, QB; and so on to the sequence
QBq, QB;, QB;; and so on.

This cyclic block permutation is further shown in FIG.
28A. Note that each of FIG. 28A and later described FIGS.
28B and 28C shows constellation bits and sections. In
examples shown in FIGS. 28A-28C, the number of cyclic
blocks per section is four, and the complex QAM symbols S,
and S, are 16-QAM symbols.

In a second selection step, we generate a medium number
(e.g. 100 . . . 1,000) of constrained random cyclic block
permutations derived from the cyclic block permutation
returned by the first selection step, and apply the selection
criterion from the first selection step to the generated cyclic
block permutations. The constrained cyclic block permuta-
tions are derived by applying a random cyclic block permu-
tation to the cyclic blocks of a single randomly selected
section, i.e. to a column of FIG. 28A. This is illustrated in
FIG. 28B, in which section 7 was selected and permuted so as
to obtain [10 11 42 07] instead of the original cyclic-block
sequence [07 11 10 42]. Applying such a constraint ensures
that the variations in performance are small and concentrated
around the already good permutation selected in the first step.
In this manner, better permutations can be found more effi-
ciently than by using a blind unconstrained search.

In a third selection step, a medium number (e.g., 100 . . .
1,000) of constrained random cyclic block permutations are
derived from the permutation returned by the second selec-
tion step and the selection criterion from the first selection
step is applied to the generated cyclic block permutations.
The constrained cyclic block permutations are derived by
applying random permutations to cyclic blocks of the rows of
FIG. 28B. One random permutation is applied to each row, i.e.
robustness level, the length of each permutation being the
number of sections. One such example is shown in FIG. 28C.

In this third selection step the variations in performance are
rather small and affect the iterative demapping more than the
blind demapping. The performance with iterative demapping
can therefore be optimized without sacrificing the perfor-
mance with blind demapping.

For the three transmitter power ratios (described above),
various numbers of bits for each of the three channel slots
(number of bits of SM blocks), and different seven code rates,
results of the optimization process based on the above method
are illustrated in FIGS. 29A to 29C, FIGS. 30A to 30C and
FIGS. 31Ato 31C. Note that QC LDPC codes in these figures
are codes defined by the DVB-NGH standard with code rates
CR of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3, and 11/15, as shown in
FIGS. 8 to 14, respectively. In addition, each of these figures
shows the case where the number of transmit antennas (the
number of constellation words of a SM block) is two.
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FIG. 29A indicates optimized cyclic block permutations
when transmitter power ratio=1/1, the number of bits of chan-
nel slots=6, and code rates CR=1/3, 2/5, 7/15, 8/15, 3/5, 2/3,
and 11/15.

FIG. 29B indicates optimized cyclic block permutations
when transmitter power ratio=1/1, the number of bits of chan-
nel slots=8, and code rates CR=1/3, 2/5, 7/15, 8/15, 3/5, 2/3,
and 11/15.

FIG. 29C indicates optimized cyclic block permutations
when transmitter power ratio=1/1, the number of bits of chan-
nel slots=10, and code rates CR=1/3, 2/5,7/15,8/15,3/5, 2/3,
and 11/15.

FIG. 30A indicates optimized cyclic block permutations
when transmitter power ratio=1/2, the number of bits of chan-
nel slots=6, and code rates CR=1/3, 2/5, 7/15, 8/15, 3/5, 2/3,
and 11/15.

FIG. 30B indicates optimized cyclic block permutations
when transmitter power ratio=1/2, the number of bits of chan-
nel slots=8, and code rates CR=1/3, 2/5, 7/15, 8/15, 3/5, 2/3,
and 11/15.

FIG. 30C indicates optimized cyclic block permutations
when transmitter power ratio=1/2, the number of bits of chan-
nel slots=10, and code rates CR=1/3, 2/5,7/15,8/15,3/5, 2/3,
and 11/15.

FIG. 31A indicates optimized cyclic block permutations
when transmitter power ratio=1/4, the number of bits of chan-
nel slots=6, and code rates CR=1/3, 2/5, 7/15, 8/15, 3/5, 2/3,
and 11/15.

FIG. 31B indicates optimized cyclic block permutations
when transmitter power ratio=1/4, the number of bits of chan-
nel slots=8, and code rates CR=1/3, 2/5, 7/15, 8/15, 3/5, 2/3,
and 11/15.

FIG. 31C indicates optimized cyclic block permutations
when transmitter power ratio=1/4, the number of bits of chan-
nel slots=10, and code rates CR=1/3, 2/5,7/15,8/15,3/5, 2/3,
and 11/15.

Each row of FIGS. 29A to 29C, FIGS. 30A to 30C and
FIGS. 31A to 31C indicates a cyclic block permutation. Note
that values such as “17” shown in each figure indicate indices
of' the cyclic blocks.

The second row of FIG. 29A for instance, indicates an
optimized cyclic block permutation for the QC LDPC code-
word defined in FIG. 9 with transmitter power ratio 1/1, B=6
bits per channel slot and code rate 2/5. In this case, the cyclic
blocks of each codeword are permuted such that section 1 is
made up of cyclic blocks QB,, QB ¢, and QB in the stated
order. Section 2 is made up of cyclic blocks QB,;, QB,,, and
QB;,, and so on.

The cyclic block permutation unit 310 included in the bit
interleaver 300 shown in FIG. 25 permutes N cyclic blocks of
the QC LDPC code (N=45, Q360) received from the earlier
LDPC encoder 121 (see FIG. 20) in an order of the cyclic
block permutations shown in FIGS. 29A to 29C, FIGS. 30A
to 30C and FIGS. 31A to 31C corresponding to a code rate,
the number of bits of a channel slot (the number of bits of a
SM block), and transmitter power ratio, which are used by the
transmitter for transmission. Accordingly, the cyclic blocks
of N=45 output from the cyclic block permutation unit 310
are arranged, from left to right in FIG. 25, in the order of rows
corresponding to a code rate, the number of bits of a channel
slot (the number ot bits of a SM block), and transmitter power
ratio, which are used by the transmitter for transmission
shown in FIGS. 29A to 29C, FIGS. 30A to 30C and FIGS.
31A to 31C.

Each of the section permutation units 122-1, 122-2 and so
on included in the bit interleaver 300 and the demultiplexer
123 map, on constellation words, the bits of the LDPC code



US 9,130,814 B2

21

(LDPC code with rearranged cyclic blocks) after applying
cyclic block permutation to them by performing processing
described with use of FIGS. 22A to 22C, FIGS. 23A to 23C
and FIGS. 24C to 24C depending on the number of bits of a
channel slot (the number of bits of a SM block), the value of
the cyclic factor Q, and the sizes of two QAM constellations
used for QAM constellation mapping.

The processing of FIGS. 22A t0 22C and FIGS. 23A to 23C
is performed after replacing the cyclic factor Q from 8 to 360
(see generalized explanation).

The following further describes processing of mapping the
bits of the LDPC codeword onto constellation words per-
formed by the bit interleaver and the demultiplexer. Note that
in the following section, the k™ cyclic block is the k” from the
upper bit of the rearranged LDPC codeword (in FIG. 25, from
the left side of the input of the section permutation units, in
FIGS. 22A to 22C, FIGS. 30A to 30C and FIGS. 31C to 31C,
from the left side of the section).

When the number of bits of a channel slot (the number of
bits of a SM block) B=6, the bits of the QC LDPC codeword
rearranged by the cyclic block permutation are mapped onto
the constellation words as follows. Note that the transmit
power ratios are 1/1, 1/2, and 1/4, the code rates are 1/3, 2/5,
7/15, 8/15, 3/5, 2/3 and 11/15 (QC LDPC code defined by
Table shown in FIGS. 8 through 14).

The mapping processing is performed such that two bits of
the 4-QAM constellation word of a lower modulation level
consists of two bits of the first cyclic block of each section,
two bits having the lowest robustness level of the 16-QAM
constellation word of a higher modulation level consists of
two bits of the second cyclic block of each section, and two
bits having the highest robustness level of the 16-QAM con-
stellation word consists of the two bits of the third cyclic
block of each section.

For example, when B=6, the code rate CR=2/5, the trans-
mit power ratio=1/1, the two bits of the 4-QAM constellation
word consists of bits of the first cyclic block of each section
(in the case of section 1, cyclic block QB,,), two bits of the
16-QAM constellation word having the lowest reliability
consists of two bits of the second cyclic block of each section
(in the case of section 1, cyclic block QB ¢), and two bits of
the 16-QAM constellation word having the highest reliability
consists of two bits of the third cyclic block of each section (in
the case of section 1, cyclic block QB;,).

When the number of bits of a channel slot (the number of
bits of a SM block) B=8, the bits of the QC LDPC codeword
rearranged by the cyclic block permutation are mapped onto
the constellation words as follows. Note that the transmit
power ratios are 1/1, 1/2, and 1/4, the code rates are 1/3, 2/5,
7/15, 8/15, 3/5, 2/3 and 11/15 (QC LDPC code defined by
Table shown in FIGS. 8 through 14).

The mapping processing is performed such that two bits
having the lowest robustness level of one 16-QAM constel-
lation word consists of two bits of the first cyclic block of each
section, two bits having the highest robustness level of the one
16-QAM constellation word of consists of two bits of the
second cyclic block of each section, two bits having the
lowest robustness level of another 16-QAM constellation
word consists of the two bits of the third cyclic block of each
section, and two bits having the highest robustness level of the
another 16-QAM constellation word consists of the two bits
of the fourth cyclic block of each section.

When the number of bits of a channel slot (the number of
bits of a SM block) B=10, the bits of the QC LDPC codeword
rearranged by the cyclic block permutation are mapped onto
the constellation words as follows. Note that the transmit
power ratios are 1/1, 1/2, and 1/4, the code rates are 1/3, 2/5,
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7/15, 8/15, 3/5, 2/3 and 11/15 (QC LDPC code defined by
Table shown in FIGS. 8 through 14).

The mapping processing is performed such that two bits
having the lowest robustness level of a 16-QAM constellation
word of a lower modulation level consists of two bits of the
first cyclic block of each section, two bits having the highest
robustness level of the 16-QAM constellation word consists
of'two bits of the second cyclic block of each section, two bits
having the lowest robustness level of a 64-QAM constellation
word of a higher modulation level consists of the two bits of
the third cyclic block of each section, two bits having the
second lowest robustness level of the 64-QAM constellation
word consists of the two bits of the fourth cyclic block of each
section, and two bits having the highest robustness level of the
64-QAM constellation word consists of the two bits of the
fifth cyclic block of each section.

Embodiment 3

<Receiver>

The following explains a receiver included in a communi-
cation system according to an embodiment of the present
invention.

FIG. 32 is a block diagram of areceiver 500 according to an
embodiment of the present invention. The receiver mirrors the
functionality of the transmitter. A generic receiver has R
receive antennas and receives the signal from the T transmit
antennas. R and T are not necessarily the same. In FIG. 32,
R=T=2.

The receiver 500 shown in FIG. 32 includes receive anten-
nas 510-1 through 510-2, radio-frequency (RF) frontends
520-1 through 520-2, demodulators 530-1 through 530-2, a
MIMO decoder 540, a multiplexer 550, a bit deinterleaver
560 and an LDPC decoder 570. The MIMO decoder 540
includes a spatial-multiplexing (SM) decoder 541 and QAM
demappers 545-1 through 545-2.

The signal from each receive antenna 510-1, . .., 510-2 is
processed by an RF frontend 520-1, . . ., 520-2 and a demodu-
lator 530-1, . . ., 530-2. The RF frontend 520-1, . . ., 520-2
typically comprises a tuner and a down-converter. The tuner
selects a desired frequency channel, and the down-converter
performs down-conversion to a desired frequency band. The
demodulator530-1, . . ., 530-4 produces for each channel slot
one received symbol and T channel fading coefficients. The
received symbols and the associated channel fading coeffi-
cients are complex valued. For each channel slot, the R
received symbols and the T*R associated channel fading
coefficients are provided as input to the SM decoder 541.
With use of the R received symbols and the T*R associated
channel fading coefficients, the SM decoder 541 produces T
complex QAM symbols at its output. These complex symbols
then undergo QAM constellation demapping, multiplexing,
de-interleaving and LDPC decoding, i.e. the exact inverse
steps in the transmitter as explained above in conjunction
with Embodiments 1 and 2.

The QAM demappers 545-1 through 545-2 respectively
perform QAM constellation demapping, corresponding to the
QAM constellation mapping performed by the QAM map-
pers 124-1 through 124-2 included in the transmitter, on the
input complex QAM symbols.

The multiplexer 550 performs, on the input from the QAM
demappers 545-1 through 545-2, the inverse of the processing
performed by the demultiplexer 123 included in the transmit-
ter (i.e. processing of restoring the order of the bits before the
bit permutation by the demultiplexer 123, and multiplexing
the bits).
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The bit deinterleaver 560 performs, on the input from the
multiplexer 550, the inverse of the processing performed by
the bit interleavers 122 and 300 included in the transmitter
(i.e. processing of restoring the order of the bits before the
bit-interleaving by the bit interleaver 122 and 300), i.e., per-
forms bit deinterleaving.

The LDPC decoder 570 performs, on the input from the bit
deinterleaver 560, LDPC decoding based on the same QC-
LDPC codes as the LDPC encoder 121 of the transmitter.

The combination of SM decoding and QAM constellation
demapping is sometimes referred in the art as multiple-input
multiple-output (MIMO) decoding. In high-end implementa-
tions, a so-called maximum-likelihood decoding is
employed, whereby the SM decoding and the QAM constel-
lation demapping are performed jointly in one MIMO
decoder 540. These aspects are well known in the art.

<Supplement 1>

The present invention is not limited to the particulars
described as for Embodiments above. The present invention
may be implemented in any modes for achieving the aim
described above and other relevant or accompanying aims.
For example, the following modifications may be adopted

(1) In the above embodiments, T=2 (the number of con-
stellation words for an SM block is two), N=45, Q=360 and
B=6, 8 and 10, for example. However, the present invention is
not limited to this.

The present invention may be applied to any number of
antennas (including two, four, eight, etc.) except for one.

The present invention may also be applied to any QAM
constellation to square QAM constellations (4-QAM,
16-QAM, 64-QAM, 256-QAM, etc.). Note that the value of B
is the total number of the bits of the constellation to be used,
and is an integer equal to or more than 2xT.

The present invention may also be applied to any LDPC
code to those codes that are adopted for second-generation
digital video broadcasting standards (e.g. DVB-S2, DVB-T2,
DVB-C2, etc.), as they are defined, for instance, in tables A.1
through A.6 of the DVB-T2 standard ETSI EN 302 755. Note
that the values of N, M and Q are integers that change depend-
ing on the LDPC code to be used.

(2) The present invention is not restricted to a particular
form for implementing the disclosed methods and devices,
both in software or in hardware. Specifically, the invention
may be implemented in form of a computer-readable medium
having embodied thereon computer-executable instructions
that are adapted for allowing a computer, a microprocessor, a
microcontroller, and the like, to perform all steps of a method
according to the embodiments of the present invention. The
present invention may also be implemented in form of an
application-specific integrated circuit (ASIC) or in form of a
field programmable gate array (FPGA).

<Supplement 2>

The following summarizes an interleaving method, an
interleaver, a transmitter provided with the interleaver, a
deinterleaving method corresponding to the interleaving
method, a deinterleaver corresponding to the interleaver, and
a receiver provided with the deinterleaver according to an
embodiment of the present invention, and their advantageous
effects.

(1) An interleaving method performed by a transmitter for
a communication system with quasi-cyclic low-density par-
ity-check codes, spatial multiplexing, and T transmit anten-
nas, T being an integer greater than 1, the interleaving method
being used for applying bit permutation to bits of'a codeword
of a quasi-cyclic low-density parity-check code in order to
generate a plurality of constellation words constituting a plu-
rality of spatial-multiplexing blocks from the codeword, the
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codeword consisting of N cyclic blocks, and each cyclic block
consisting of Q bits, each spatial-multiplexing block consist-
ing of B bits and consisting of T constellation words, the
interleaving method comprising: a first permutation step of
permuting the N cyclic blocks of the codeword; and a second
permutation step of permuting the bits of the codeword,
whose N cyclic blocks have been permuted, so as to map the
bits to the T constellation words constituting the spatial-
multiplexing block.

The first deinterleaving method performed by a receiver for
a communication system with quasi-cyclic low-density par-
ity-check codes, spatial multiplexing, and T transmit anten-
nas, T being an integer greater than 1, the deinterleaving
method comprising the step of applying the inverse of the bit
permutation performed by the first interleaving method to the
plurality of spatial-multiplexing blocks made up of a plurality
of constellation words.

The first interleaver provided in a transmitter for a com-
munication system with quasi-cyclic low-density parity-
check codes, spatial multiplexing, and T transmit antennas, T
being an integer greater than 1, the interleaver applying bit
permutation to bits of a codeword of a quasi-cyclic low-
density parity-check code in order to generate a plurality of
constellation words of at least one spatial-multiplexing block
from the codeword, the codeword consisting of N cyclic
blocks, each cyclic block consisting of Q bits, the spatial-
multiplexing block consisting of B bits and consisting of T
constellation words, the interleaving method comprising: a
first permutation unit that permutes the N cyclic blocks to
obtain a permuted codeword in which a sequence of the N
cyclic blocks is permuted; and a second permutation unit that
permutes the bits of the permuted codeword to map the bits to
the T constellation words constituting the spatial-multiplex-
ing block.

The first deinterleaver provided in a receiver for a commu-
nication system with quasi-cyclic low-density parity-check
codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, wherein the deinterleaver is config-
ured to apply the inverse of the bit permutation performed by
the first interleaver to a plurality of constellation words of a
plurality of spatial-multiplexing blocks.

The first transmitter for a communication system with
quasi-cyclic low-density parity-check codes, spatial multi-
plexing, and T transmit antennas, T being an integer greater
than 1, the transmitter comprising: a quasi-cyclic low-density
parity-check encoder configured to generate a codeword by
using a quasi-cyclic low-density parity-check code; the first
interleaver configured to apply bit permutation to the bits of
the codeword and to generate at least one spatial-multiplexing
block; and a constellation mapper configured to map a plu-
rality of constellation words of the at least one spatial-multi-
plexing block to a plurality of symbols.

The first receiver for a communication system with quasi-
cyclic low-density parity-check codes, spatial multiplexing,
and T transmit antennas, T being an integer greater than 1, the
receiver comprising: a multiple-input multiple-output
decoder configured to convert signals from a plurality of
receive antennas into T complex symbols corresponding to T
constellation words of at least one spatial-multiplexing block;
the first deinterleaver configured to perform deinterleaving on
the T complex symbols; and a quasi-cyclic low-density par-
ity-check decoder configured to decode a result of the deinter-
leaving performed by the deinterleaver, by using the quasi-
cyclic parity-check codes.

These methods and apparatuses improve the reception per-
formance of a communication system.
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(2) According to the second interleaving method, in the
first interleaving method, T=2, N=45, Q=360, and B is 6, 8 or
10.

(3) According to the third interleaving method, in the sec-
ond interleaving method, when N is a multiple of B/2, the N
cyclic blocks are divided into a plurality of sections each
including B/2 cyclic blocks, when N is not a multiple of B/2,
N-X cyclic blocks are divided into a plurality of sections each
including B/2 cyclic blocks, where X is the remainder of N
divided by B/2, and permutation in the second permutation
step is applied such that each of the spatial-multiplexing
blocks associated with one of the sections is made up of only
bits from the B/2 different cyclic blocks included in the one of
the sections; each of the T constellation words constituting
one of the spatial-multiplexing blocks associated with one of
the sections is made up of bits from Bt/2 different cyclic
blocks, Bt being the number of bits of the constellation word;
and among a plurality of bits contained in one of the T con-
stellation words constituting one of the spatial-multiplexing
blocks associated with one of the sections, a pair of bits
having the same robustness is made up of bits from a common
one of the Bt/2 cyclic blocks.

This method improves processing speed by dividing, into
sections, the codeword based on QC-LDPC codes and mak-
ing parallel processing possible.

(4) According to the fourth interleaving method, in the
third interleaving method, with B=6 and a transmission
power ratio of 1/1, wherein the quasi-cyclic low-density par-
ity-check code is a code defined by the DVB-NGH standard
with a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3, and
11/5, the bits of each spatial-multiplexing block are divided
into a 4-QAM constellation word and a 16-QAM constella-
tion word, and permutation in the first permutation step is
applied according to cyclic block permutation shown in Table
2, in accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 2
Code Rate

/3 255 715 815  3/5 23 11/15

Section1 1% 17 20 13 12 3219 5
2 5 16 11 27 38 33 35

34 34 34 44 14 25 39 39

Section2 1% 33 41 41 35 18 10 3
2 28 28 24 13 28 14 25

3 38 36 12 38 34 34 16

Section3 1% 2 19 16 7 727 44
2d 13 35 27 39 39 3 17

3 32 42 14 9 15 40 4

Section4 1% 14 45 22 19 20 20 32
2d 44 43 32 43 40 36 13

34 7 2 5 33 4 32 12

Section 5 1% 27 1 17 24 19 16 8
2d 23 8 29 25 12 17 26

34 18 30 39 10 29 43 45

Section 6 1% 41 12 6 6 14 7 10
ond 10 9 35 45 17 9 6

34 35 14 30 21 21 26 15

Section7 1% 21 10 10 2 33 1121
ond 15 38 8 28 5 44 40

3 45 15 37 4 24 21 43

Section 8 1 42 22 3 3 36 5 27
2d 26 6 38 17 41 42 24

3 31 5 1 15 31 31 33

Section9 1% 39 24 7 40 10 6 2
2d 29 13 42 42 6 4 28

34 12 31 26 2 27 8 41

Section 1% 4 32 15 8 45 4 29
10 2 1 23 28 41 42 24 19
34 2 27 34 11 37 13 38
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TABLE 2-continued
Code Rate
1/3 2/5 715 8/15 3/5 2/3  11/15
Section 1% 40 40 9 32 13 25 14
11 2md 36 39 23 16 43 15 20
39 19 18 43 18 11 18 30
Section 1% 20 33 4 44 26 23 36
12 2md 43 3 40 31 16 1 7
34 9 29 2 37 22 45 23
Section 1% 16 25 20 30 2 30 34
13 ond 3 7 25 26 1 2 1
34 24 21 36 29 3 38 18
Section 1% 11 44 21 34 8 12 22
14 ond 37 17 33 36 30 29 42
39 25 26 31 23 9 22 11
Section 1% 30 37 18 5 23 35 9
15 2md 8 11 19 20 4 28 37
39 6 4 45 1 35 37 31

permutation in the second permutation step is applied such
that the two bits of the 4-QAM constellation word are made
up of bits of the first cyclic block of the respective section, the
two bits of the 16-QAM constellation word having the lowest
reliability are made up ofbits of the second cyclic block of the
respective section, and the two bits of the 16-QAM constel-
lation word having the highest reliability are made up of bits
of' the third cyclic block of the respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.

(5) According to the fifth interleaving method, in the third
interleaving method, with B=8 and a transmission power ratio
of 1/1, wherein the quasi-cyclic low-density parity-check
code is a code defined by the DVB-NGH standard with a code
rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and 11/15, the bits
of each spatial-multiplexing block are divided into a first
16-QAM constellation word and a second 16-QAM constel-
lation word, and permutation in the first permutation step is
applied according to cyclic block permutation shown in Table
3, in accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 3
Code Rate
3 255 715 815  3/5 23 1115
Section1 1% 9 7 8 17 24 40 15
2 37 21 12 39 3 38 5
37 33 43 38 38 15 36 37
4 39 35 21 26 2 35 20
Section2 1% 38 27 28 41 40 1 18
2 28 4 19 10 11 23 43
37 14 24 24 33 29 18 1
4 3 5 6 6 18 9 33
Section 3 1% 43 16 31 28 42 24 12
ond 36 20 17 5 12 2 29
37 1 30 27 14 34 43 30
4 20 10 20 3 16 271 27
Section4 1% 4 17 32 42 31 2 2
ond 7 A 5 22 21 19 24
37 12 4 35 31 41 3 34
4 6 44 2 43 19 10 4
Section 5 1% 13 15 37 25 44 25 7
ond 35 13 1 40 14 20 44
37 g 31 4 44 38 37 41
4 23 36 3 24 25 6 36
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TABLE 3-continued TABLE 4-continued
Code Rate Code Rate
V325 715 815 35 23 1115 V3 25 715 815 35 23 1115
Section 6 1% 19 23 43 8 37 4 25 Section2 1% 38 19 16 18 29 16 44
i 32 12 9 1 36 716 2 6 25 29 8 16 22 8
3 42 37 41 12 32 4 40 3 15 44 41 40 35 45 1
4% 25 18 33 4 7039 11 4% 32 39 38 22 41 21 18
Section7 1% 41 1 26 29 1 42 19 5% 36 33 6 15 45 44 4
e 1019 15 15 28 17 32 10 Section3 1¥ 2 34 19 31 2 1 45
3 44 40 39 7 5 14 28 2 18 32 14 7 5 23 29
4% 30 22 18 20 0 11 23 3 40 22 35 41 18 30 &
Section8 1% 24 29 29 34 33 8 8 4 26 35 30 29 1 21
e 31 9 11 2 9 2 22 5% 4 12 39 21 32 35 15
3 40 38 30 36 6 32 38 Section4 1% 41 4 43 30 42 7 34
4 27 8 7 23 17 12 35 s 2md 45 2 15 6 13 8 2
Section9 1% 15 6 44 37 4 28 17 3 29 24 27 26 37 12 40
e 26 34 23 16 1315 2 4 23 1 44 28 34 39 17
3 21 14 25 11 39 21 42 5% 9 10 10 36 21 13 9
4% 29 26 16 9 23 513 Section5 1% 20 9 11 39 33 40 10
Section 10 1% 5 39 14 30 30 34 14 2 4 14 3 9 25 6 33
e 17 3 10 27 26 26 26 3 44 28 24 19 40 42 31
3 1 25 34 32 43 13 39 20 4% 37 37 18 16 12 36 25
4 34 32 36 21 8 30 3 5% 229 7 32 6 14 35
Section 11 1% 22 28 22 35 35 16 31 Section 6 1% 43 36 45 5 30 18 21
2 16 33 42 13 20 33 6 2 12 20 8 13 31 34 7
3 18 11 13 18 27 4 10 3 11 7 37 24 24 31 30
4 2 2 40 19 2 31 9 44 10 8 34 1 8 28 43
Residual 45 45 45 45 45 45 45 25 5% 28 13 22 4 20 24 14
Section7 1% 21 3 31 10 2310 3
2md 16 17 2 23 4 5 6
permutation in the second permutation step is applied such 3’;’ 5 40 40 14 315 20
that the two bits of the first 16-QAM constellation word & 1341 36 35 o % 2
. o . 57 31 31 12 2 11 9 36
having the lowest reliability are made up of bits of the first 5, gections 1+ 33 30 37 42 7 0 12
cyclic block of the respective section, and the two bits of the 2 3 5 13 37 2 19 32
. . . . . rd
first 16-QAM constellation word having the highest reliabil- S 1 6 4 443837 38
. d £ bits of th 4 ovelic block of th 4 35 15 25 38 4 32 16
ity are made up of bits of the second cyclic block of the 5h 7 17 34 5 29 5
respective section, the two bits of the second 16-QAM con- Section9 1% 39 45 28 33 10 25 13
stellation word having the lowest reliability are made up of 35 g:’j Zi gg ;é 411; g 33 ;‘6‘
bits of the third cyclic block of the respect.ive section, gnd the 4 o 43 5 25 36 43 11
two bits of the second 16-QAM constellation word having the 5% 25 18 23 20 26 41 23
highest reliability are made up of bits of the fourth cyclic
block of the respective section. tation in th q tation sten i lied such
According to this method, the N cyclic blocks of the code- 40 th Iﬁll;mll a 1b01t1 mfﬂf slegon Aizrmu etl 11?nts °p1s aé)ﬁ 1e Slilcl
word based on QC-LDPC codes are appropriately permuted, atthetwo bits ol the Q consteliation word having the
and then bits of the codeword with the permuted cyclic blocks lowest rehabll.lty are Ipade up of blt? of the first cyclic block
are appropriately mapped onto two constellation words. ~ Of the respective section, the two bits of the 16-QAM con-
Thus, the method further improves the reception performance stellation word having the highest reliability are made up of
of a communication systen. 45 bits of the second cyclic block of the respective section, the
(6) According to the sixth interleaving method, in the third ~ two bits of the 64-QAM constellation word having the lowest
interleaving method, with B=10 and a transmission power reliability are made up of bits of the third cyclic block of the
ratio of 1/1, wherein the quasi-cyclic low-density parity- respective section, the two bits of the 64-QAM constellation
check code is a code defined by the DVB-NGH standard with word having the second lowest reliability are made up of bits
a code rate of one of 1/3, 2/5, 7/15, 8/15,3/5, 2/3 and 11/15, 50 of the fourth cyclic block of the respective section, and the
the bits of each spatial-multiplexing block are divided into a two bits of the 64-QAM constellation word having the highest
16-QAM constellation word and a 64-QAM constellation reliability are made up of bits of the fifth cyclic block of the
word, and permutation in the first permutation step is applied respective section.
according to cyclic block permutation shown in Table 4, in According to this method, the N cyclic blocks of the code-
accordance with the code rates of the quasi-cyclic low-den- 55 word based on QC-LDPC codes are appropriately permuted,
sity parity-check code: and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
TABLE 4 Thus, the method further improves the reception performance
of'a communication system.
Code Rate 60 (7) According to the seventh interleaving method, in the
s s s 15 35 3 1145 third interleaving method, with B=6 and a transmission
power ratio of 1/2, wherein the quasi-cyclic low-density par-
Sectionl 1 2723 9 27 17 3% 27 ity-check code is a code defined by the DVB-NGH standard
;,d 411; ﬁ 3§ 43 ;S i? 2; with a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and
4 8 16 4 12 7 27 37 65 11/15,the bits of each spatial-multiplexing block are divided
5 30 42 20 17 4 17 39 into a 4-QAM constellation word and a 16-QAM constella-

tion word, and permutation in the first permutation step is
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applied according to cyclic block permutation shown in Table
5, in accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 5
Code Rate

/3 255 715 815  3/5 23 11/15

Section1 1% 20 20 34 8 31 10 5
2d 23 16 13 25 43 24 35

34 40 34 24 2 26 31 39
Section2 1% 15 41 16 18 20 4 3
2 19 28 40 28 44 525

34 21 36 19 20 39 43 16
Section3 1% 27 19 23 3 18 22 44
2 44 35 38 23 28 34 17

3 9 42 1 4 11 21 4
Section4 1% 10 45 28 33 37 18 32
2d 11 43 36 38 12 36 13

3 36 2 21 19 36 12 12
Section 5 1% 18 1 9 27 3411 8
2d 38 8 6 31 42 9 26

34 32 30 2 11 40 13 45
Section 6 1 35 12 42 6 9 35 10
2d 39 9 44 45 7 41 6

34 31 14 8 24 21 15 15
Section7 1% 16 10 43 29 2 20 21
2 33 38 33 39 6 29 40

34 42 15 5 7 16 8 43
Section 8 1 30 22 22 26 27 16 27
ond 1 6 41 41 29 2 24

3 7 5 32 2 13 40 33
Section9 1% 34 24 29 10 8 27 2
2d 43 13 45 40 30 25 28

3 45 31 15 32 19 39 41

Section 1% 17 32 18 13 38 6 29
10 2d 28 23 26 14 45 33 19
34 2 27 37 9 32 45 38

Section 1% 8 40 27 1 4 30 14
11 2 4 39 31 34 2 28 20
34 2 18 10 5 10 37 30

Section 1% 14 33 17 35 5 23 36
12 2 24 3 30 36 1 1 7
3 41 29 11 21 14 14 23

Section 1% 37 25 14 42 17 7 34
13 2d 25 7 20 37 41 3 1
3 12 21 7 12 24 26 18

Section 1% 26 44 3 16 35 42 22
14 2d 517 35 30 3 4 4
34 326 4 17 23 38 11

Section 1% 6 37 39 15 15 19 9
15 2d 13 11 25 44 33 17 37
34 29 4 12 43 25 32 31

permutation in the second permutation step is applied such
that the two bits of the 4-QAM constellation word are made
up of bits of the first cyclic block of the respective section, the
two bits of the 16-QAM constellation word having the lowest
reliability are made up of bits ofthe second cyclic block of the
respective section, and the two bits of the 16-QAM constel-
lation word having the highest reliability are made up of bits
of the third cyclic block of the respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.

(8) According to the eighth interleaving method, in the
third interleaving method, with B=8 and a transmission
power ratio of 1/2, wherein the quasi-cyclic low-density par-
ity-check code is a code defined by the DVB-NGH standard
with a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and
11/15, the bits of each spatial-multiplexing block are divided
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into a first 16-QAM constellation word and a second
16-QAM constellation word, permutation in the first permu-
tation step is applied according to cyclic block permutation
shown in Table 6, in accordance with the code rates of the
quasi-cyclic low-density parity-check code:

TABLE 6

Code Rate
3 255 715 815  3/5 23 1115
Section1 1% 4 7 41 28 27 2 15
2 16 21 14 29 20 23 5
3 25 43 33 19 32 3 37
4 1 35 22 22 18 16 20
Section2 1% 19 27 27 35 41 1 18
2 42 4 10 43 33 12 43
3 36 24 21 44 6 19 1
4 8 5 12 16 12 17 33
Section 3 1% 13 16 35 21 35 30 12
2 3420 19 38 21 41 29
37 41 30 34 41 14 43 30
4 6 10 8 5 9 24 27
Section4 1% 37 17 37 27 31 35 21
2 9 4 15 37 37 33 24
37 12 4 5 15 23 2 34
4 17 44 20 42 16 42 4
Section 5 1% 3 15 28 7 42 34 7
ond 35 13 24 18 40 13 44
37 32 31 29 9 43 5 4
4 2 36 32 20 13 40 36
Section 6 1% 2 23 11 25 36 15 25
ond 39 12 4 10 34 8 16
37 11 37 1 40 26 11 40
4 21 18 3 4 2 32 11
Section7 1% 14 1 30 34 30 28 19
ond 33 19 44 3 28 29 32
37 15 40 6 31 8 36 28
4 23 22 7 2 19 10 23
Section 8 1% 4 29 23 12 1 38 8
ond 18 9 42 14 44 39 2
37 26 38 25 6 3 21 38
4 40 8 17 17 38 14 35
Section9 1% 43 6 26 26 11 44 17
ond 24 34 2 8 39 18 2
37 10 14 36 30 10 7 &
4 5 26 13 1 24 26 13
Section 1% 28 39 39 33 29 4 14
10 ond 20 3 43 39 25 31 26
37 29 25 38 23 17 9 39
4 31 32 16 13 7 6 3
Section 1% 7 28 40 36 5 37 31
11 ond 27 33 9 11 15 27 6
37 30 11 31 32 4 25 10
4 38 2 18 24 2 20 9
Residual 45 45 45 45 45 45 45

permutation in the second permutation step is applied such
that the two bits of the first 16-QAM constellation word
having the lowest reliability are made up of bits of the first
cyclic block of the respective section, and the two bits of the
first 16-QAM constellation word having the highest reliabil-
ity are made up of bits of the second cyclic block of the
respective section, the two bits of the second 16-QAM con-
stellation word having the lowest reliability are made up of
bits of the third cyclic block of the respective section, and the
two bits of the second 16-QAM constellation word having the
highest reliability are made up of bits of the fourth cyclic
block of the respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.
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(9) According to the ninth interleaving method, in the third
interleaving method, with B=10 and a transmission power
ratio of 1/2, wherein the quasi-cyclic low-density parity-
check code is a code defined by the DVB-NGH standard with
a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and 11/15,
the bits of each spatial-multiplexing block are divided into a
16-QAM constellation word and a 64-QAM constellation
word, permutation in the first permutation step is applied
according to cyclic block permutation shown in Table 7, in
accordance with the code rates of the quasi-cyclic low-den-
sity parity-check code:

TABLE 7
Code Rate
/3 2/5 715 815  3/5 23 11/15
Section1 1% 27 23 43 31 17 38 27
2d 17 27 20 43 28 30 4
3 42 11 44 28 39 11 28
4 8 16 31 25 7 21 37
5% 30 42 7 10 14 17 39
Section2 1% 38 19 28 36 41 16 44
ond 6 25 19 16 16 22 8
3 15 44 26 35 35 45 1
41 3239 23 38 29 21 18
5% 36 33 3 13 45 4 4
Section 3 1% 2 34 40 44 2 1 45
ond 18 32 35 20 5 23 29
3 40 22 42 21 18 3 4
41 26 35 22 30 1 2 19
5t 14 12 16 15 32 35 15
Section4 1% 41 4 34 12 37 7 34
ond 45 2 21 4 13 8 2
3 29 24 27 24 34 12 40
4 23 1 17 1 42 39 17
5 9 10 4 5 21 13 9
Section 5 1% 20 9 33 7 33 40 10
2d 4 14 32 14 12 6 33
3 44 28 2 34 40 42 31
41 37 37 38 45 25 36 25
5 2 29 1 18 6 14 35
Section 6 157 43 36 39 33 30 18 21
ond 12 20 10 11 31 34 7
3 11 7 36 42 24 31 30
41 10 8 11 27 8§ 28 43
5t 28 13 8 9 20 24 14
Section7 1% 21 3 6 39 23 10 3
2d 16 17 24 17 4 5 6
3 5 40 41 26 3 15 20
4 13 4 15 40 9 26 22
5t 31 31 5 23 11 9 36
Section 8 1% 33 30 18 32 15 20 12
2d 3 5 25 3 27 19 32
3 1 6 45 2 38 37 38
4 35 15 13 41 44 32 16
5 7 21 29 6 22 29 5
Section9 1% 39 45 14 8 43 25 13
ond 34 26 9 19 26 33 24
3 24 38 30 29 36 4 26
4k 19 43 37 37 10 43 11
5t 25 18 12 2 19 4 23

permutation in the second permutation step is applied such
that the two bits of the 16-QAM constellation word having the
lowest reliability are made up of bits of the first cyclic block
of the respective section, the two bits of the 16-QAM con-
stellation word having the highest reliability are made up of
bits of the second cyclic block of the respective section, the
two bits of the 64-QAM constellation word having the lowest
reliability are made up of bits of the third cyclic block of the
respective section, the two bits of the 64-QAM constellation
word having the second lowest reliability are made up of bits
of the fourth cyclic block of the respective section, and the
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two bits of the 64-QAM constellation word having the highest
reliability are made up of bits of the fifth cyclic block of the
respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.

(10) According to the tenth interleaving method, in the
third interleaving method, with B=6 and a transmission
power ratio of 1/4, wherein the quasi-cyclic low-density par-
ity-check code is a code defined by the DVB-NGH standard
with a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and
11/15, the bits of each spatial-multiplexing block are divided
into a 4-QAM constellation word and a 16-QAM constella-
tion word, and permutation in the first permutation step is
applied according to cyclic block permutation shown in Table
8, in accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 8
Code Rate

3 255 715 815  3/5 23 11/15

Section1 1 520 34 34 23 45 45
2 40 16 13 13 5 39 1

3 3 34 24 24 2 28 39
Section2 1 26 41 16 16 42 38 13
24 2 28 40 15 45 16 34

3 9 36 19 18 20 20 18
Section3 1% 4 19 23 23 43 0 22
24 20 35 38 32 18 8 3

3 17 42 1 1 11 14 19
Section4 1% 11 45 28 28 27 4 20
24 43 43 36 36 39 35 37

3 16 2 21 21 34 4 17
Section 5 1 19 1 9 9 41 24 36
ond 24 8 6 6 37 34 30

3 39 30 2 2 6 12 27
Section 6 1 37 12 42 42 24 26 16
2 10 9 44 44 16 32 31

3 44 14 8 8 8 15 2
Section7 1 8 10 43 37 30 30 8
24 14 38 33 33 40 22 A

3 2 15 5 5 12 11 35
Section 8 1 21 22 22 22 35 21 6
24 41 6 41 19 21 43 38

3 45 5 32 14 31 17 33
Section9 1% 1 24 29 29 36 19 28
2 31 13 45 45 10 13 23

3 35 31 15 40 33 6 9

Section 1% 29 32 18 41 44 2 21
10 2 13 23 26 26 38 543
3 34 27 37 43 14 37 4

Section 1% 28 40 27 27 4 31 12
11 24 42 39 31 31 3 4 15
3 32 18 10 10 13 9 29

Section 1% 12 33 17 17 9 7 32
12 24 25 3 30 30 29 40 40
3 18 29 11 11 19 18 24

Section 1% 23 25 14 38 32 25 14
13 24 33 7 20 20 15 1 7
3 38 21 7 7 25 27 5

Section 1% 6 44 3 3 28 23 10
14 2 15 17 35 35 26 3 41
3 27 26 4 4 17 29 44

Section 1% 7 37 39 39 1 33 25
15 2 30 11 25 25 2 41 11
3 36 4 12 12 7 36 26

permutation in the second permutation step is applied such
that the two bits of the 4-QAM constellation word are made
up of bits of the first cyclic block of the respective section, the
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two bits of the 16-QAM constellation word having the lowest
reliability are made up of bits ofthe second cyclic block of the
respective section, and the two bits of the 16-QAM constel-
lation word having the highest reliability are made up of bits
of the third cyclic block of the respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.

(11) According to the eleventh interleaving method, in the
third interleaving method, with B=8 and a transmission
power ratio of 1/4, wherein the quasi-cyclic low-density par-
ity-check code is a code defined by the DVB-NGH standard
with a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and
11/15 the bits of each spatial-multiplexing block are divided
into a first 16-QAM constellation word and a second
16-QAM constellation word, and permutation in the first
permutation step is applied according to cyclic block permu-
tation shown in Table 9, in accordance with the code rates of
the quasi-cyclic low-density parity-check code:

TABLE 9

Code Rate
/3 2/5 715 815  3/5 23 11/15
Section1 1% 4 23 35 16 27 2 15
2d 16 9 15 24 20 23 5
3 25 28 8 44 32 3 37
4 1 41 5 3 18 16 20
Section2 1% 19 43 40 39 41 1 18
2d 42 27 20 34 33 12 43
3 36 17 42 8 6 19 1
4 8 34 1 11 12 17 33
Section 3 1% 13 42 2 37 35 30 12
2d 34 31 11 25 21 41 29
3 41 10 31 26 14 43 30
4 6 5 3 7 9 24 27
Section4 1% 37 40 41 29 31 35 21
2d 9 22 37 43 37 33 24
3 12 15 6 42 23 2 34
4 17 32 10 1 16 42 4
Section 5 1% 3 7 36 35 42 34 7
2d 35 39 14 2 40 13 44
3 3230 34 21 43 5 41
4 2 33 28 17 13 40 36
Section 6 1% 2 36 44 4 36 15 25
2d 39 44 22 2 34 8 16
3 1 37 12 33 26 11 40
4 21 18 30 5 2 32 11
Section7 1% 14 35 29 27 30 28 19
2d 33 3 17 10 2860 29 32
3 15 14 26 13 8 36 28
4k 23 20 27 14 19 10 23
Section 8 1% 44 6 23 36 1 38 8
2d 18 2 43 19 44 39 22
3 26 4 9 23 3 21 38
4 40 1 4 9 38 14 35
Section9 1% 43 19 38 41 11 4 17
2d 24 25 18 40 39 18 2
3 10 21 24 32 10 7 A
4k 5 12 21 20 24 26 13
Section 1% 28 8 32 28 29 4 14
10 ond 20 29 16 18 25 31 26
3 29 13 13 31 17 9 39
4 31 26 39 15 7 6 3
Section 1% 7 16 33 30 5 37 31
11 ond 27 24 19 12 15 27 6
3 30 38 25 6 4 25 10
4 38 11 7 38 2 20 9
Residual 45 45 45 45 45 45 45

permutation in the second permutation step is applied such
that the two bits of the first 16-QAM constellation word
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having the lowest reliability are made up of bits of the first
cyclic block of the respective section, the two bits of the first
16-QAM constellation word having the highest reliability are
made up of bits of the second cyclic block of the respective
section, the two bits of the second 16-QAM constellation
word having the lowest reliability are made up of bits of the
third cyclic block of the respective section, and the two bits of
the second 16-QAM constellation word having the highest
reliability are made up of bits of the fourth cyclic block of the
respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.

(12) According to the twelfth interleaving method, in the
third interleaving method, with B=10 and a transmission
power ratio of 1/4, wherein the quasi-cyclic low-density par-
ity-check code is a code defined by the DVB-NGH standard
with a code rate of one of 1/3, 2/5, 7/15, 8/15, 3/5, 2/3 and
11/15, the bits of each spatial-multiplexing block are divided
into a 16-QAM constellation word and a 64-QAM constella-
tion word, and permutation in the first permutation step is
applied according to cyclic block permutation shown in Table
10, in accordance with the code rates of the quasi-cyclic
low-density parity-check code:

TABLE 10
Code Rate

3 255 715 815  3/5 23 1115

Section1 1% 42 44 39 28 35 38 27
2 30 23 32 25 12 30 4

3 27 13 44 44 38 11 28

4 8 45 31 37 32 271 37

5% 17 1 10 8 24 17 39

Section2 1% 38 2 33 2 28 16 44
ond 32 21 19 10 11 2 8

37 36 14 36 38 45 45 1

4 6 4 11 3 23 21 18

5% 15 25 4 6 33 44 41

Section 3 1% 26 41 28 13 42 1 45
ond 14 20 7 42 14 23 29

37 40 22 18 39 40 3 A

4 18 29 22 35 6 2 19

5% 2 19 1 1 31 35 15

Section4 1% 9 30 41 16 3 7 34
2 45 24 35 41 8 8 2

37 23 17 14 18 17 12 40

4 41 42 13 9 2 39 17

5% 29 33 29 17 15 13 9

Section 5 1% 20 27 34 34 19 40 10
ond 4 5 2 19 43 6 33

37 4 36 3 27 37 42 31

4 37 11 24 11 20 36 25

5% 2 3 9 4 22 14 35

Section 6 1% 43 40 40 33 5 18 21
ond 12 8 25 24 18 34 7

37 11 18 30 30 1 31 30

4 10 7 6 23 9 28 43

5% 28 35 23 7 4 24 14

Section7 1% 21 16 43 12 10 10 3
2 16 10 16 14 30 5 6

37 5 38 42 45 41 15 20

4 13 31 37 32 21 26 2

5% 31 28 5 15 13 9 36

Section 8 1% 33 43 38 40 44 20 12
2 3 34 21 21 25 19 32

3 1 6 26 36 36 37 38

4 35 12 17 22 34 32 16

5% 7 9 12 29 26 29 5
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TABLE 10-continued
Code Rate
/3 255 715 815  3/5 23 11/15
Section9 1% 24 39 45 43 29 25 13
2 25 26 20 20 39 33 24
34 39 37 27 26 16 4 26
47 3415 15 31 27 43 11
5t 19 32 8 5 7 4 23

permutation in the second permutation step is applied such
that the two bits of the 16-QAM constellation word having the
lowest reliability are made up of bits of the first cyclic block
of the respective section, the two bits of the 16-QAM con-
stellation word having the highest reliability are made up of
bits of the second cyclic block of the respective section, the
two bits of the 64-QAM constellation word having the lowest
reliability are made up of bits of the third cyclic block of the
respective section, the two bits of the 64-QAM constellation
word having the second lowest reliability are made up of bits
of the fourth cyclic block of the respective section, and the
two bits of the 64-QAM constellation word having the highest
reliability are made up of bits of the fifth cyclic block of the
respective section.

According to this method, the N cyclic blocks of the code-
word based on QC-LDPC codes are appropriately permuted,
and then bits of the codeword with the permuted cyclic blocks
are appropriately mapped onto two constellation words.
Thus, the method further improves the reception performance
of'a communication system.

INDUSTRIAL APPLICABILITY

The present invention is applicable to bit-interleaved cod-
ing and modulation with LDPC codes and spatial multiplex-
ing.

REFERENCE SIGNS LIST

100 transmitter

110 input processing unit

120 BICM encoder

121 LDPC encoder

122 bit interleaver
122-1-122-3 section permutation unit
123 demultiplexer
124-1-124-2 QAM mapper
125 SM encoder

130-1-130-2 modulator
140-1-140-2 amplifier
150-1-150-2 transmit antenna
300 bit interleaver

310 block permutation unit
500 receiver

510-1-510-2 receive antenna
520-1-520-2 RF front end
530-1-530-2 demodulator
540 MIMO decoder

541 SM decoder
545-1-545-2 QAM demapper
550 multiplexer

560 bit deinterleaver

570 LDPC decoder

The invention claimed is:
1. An interleaving method performed by a transmitter for a
communication system with quasi-cyclic low-density parity-

10

15

25

35

40

45

50

55

60

65

36

check codes, spatial multiplexing, and T transmit antennas, T
being an integer greater than 1, the interleaving method being
used for applying bit permutation to bits of a codeword of a
quasi-cyclic low-density parity-check code in order to gener-
ate a plurality of constellation words constituting a plurality
of spatial-multiplexing blocks from the codeword,
the codeword consisting of N cyclic blocks, and each cyclic
block consisting of Q bits,
each spatial-multiplexing block consisting of B bits and
consisting of T constellation words,
the interleaving method comprising:
a first permutation step of permuting the N cyclic blocks of
the codeword; and
a second permutation step of permuting the bits of the
codeword, whose N cyclic blocks have been permuted,
so as to map the bits to the T constellation words con-
stituting each spatial-multiplexing block, wherein
T=2, N=45, Q=360, and B is 6,
the N cyclic blocks are divided into a plurality of sections
each including B/2 cyclic blocks,
a transmission power ratio is 1/1,
the quasi-cyclic low-density parity-check code is a code
defined by the DVB-NGH standard with a code rate of
one of 7/15, 8/15, and 3/5,
the bits of each spatial-multiplexing block are divided into
a 4-QAM constellation word and a 16-QAM constella-
tion word, and
permutation in the first permutation step is applied
according to cyclic block permutation shown in Table 1, in
accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 1
Code Rate

7/15 8/15 3/5

Section 1 1 13 12 32
ond 11 27 38

3 44 14 25

Section 2 1% 41 35 18
ond 24 13 28

3 12 38 34

Section 3 1% 16 7 7
ond 27 39 39

3 14 9 15

Section 4 1 22 19 20
ond 32 43 40

3 5 33 44

Section 5 1 17 24 19
ond 29 25 12

3 39 10 29

Section 6 1 6 6 14
ond 35 45 17

3 30 21 21

Section 7 1% 10 2 33
ond 8 28 5

3 37 4 24

Section 8 1 3 3 36
ond 38 17 41

3 1 15 31

Section 9 1 7 40 10
ond 42 42 6

3 26 22 27

Section 1 15 8 45
10 ond 28 41 42
3 34 11 37

Section 1% 9 32 13
11 ond 23 16 43
3 43 18 11

Section 1% 4 44 26
12 ond 40 31 16
3 2 37 22
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TABLE 1-continued TABLE 4-continued
Code Rate Code Rate
7115 8/15 3/5 S 7115 8/15 3/5
Section 1"(1 20 30 2 Section 2 1"(1 16 18 20
13 2" 25 26 1 big 40 28 44
3 36 29 3 3 19 20 39
Section 1"(1 21 34 8 Section 3 1"(1 23 3 18
14 2" 33 36 30 big 38 23 28
3 31 23 9 3 1 4 11
Section 1 18 5 23 10 Section 4 1% 28 33 37
15 2";’ 19 20 4 2";’ z f i S é 2
3 45 1 35 3"
Section 5 1% 9 27 34
2md 6 31 42
permutation in the second permutation step is applied such |5 . 3’;’ 2 11 40
that, . . Section 6 ind ii 42 3
the two bits of the 4-QAM constellation word are made up 3rd 3 24 21
of bits of the first cyclic block of the respective section, Section 7 1% 43 29 22
the two bits of the 16-QAM constellation word having 2 33 39 6
the lowest reliability are made up of bits of the second 20 Section 8 is, 2; 22 ;g
cyclic block of the respective section, and the two bits of 274 41 41 29
the 16-QAM constellation word having the highest reli- . 3’5 32 2 13
ability are mad.e up of bits of the third cyclic block of the Section ind i? 4118 3g
respective section. 34 15 32 19
2. An interleaving method performed by a transmitter fora 23 Section r 18 13 38
communication system with quasi-cyclic low-density parity- 10 gjd gg 13 g;
check codes, spatial multiplexing, and T transmit antennas, T Section 15¢ 27 1 4
being an integer greater than 1, the interleaving method being 11 2"; 31 34 2
used for applying bit permutation to bits of a codeword of a 30 Section ir, }2 32 12
quasi-cyclic low-density parity-check code in order to gener- 12 ond 30 36 1
ate a plurality of constellation words constituting a plurality . 3 11 21 14
of spatial-multiplexing blocks from the codeword, f;cnon i,.td ;g ‘3‘? ﬂ
the codeword consisting of N cyclic blocks, and each cyclic p 7 1 24
block consisting of Q bits, 35 Section ¥ 3 16 35
each spatial-multiplexing block consisting of B bits and 14 2:'; 35 30 3
consisting of T constellation words, Section i” 33 g fz
the interleaving method comprising: 5 nd 55 44 33
afirst permutation step of permuting the N cyclic blocks of 34 12 43 25
the codeword; and 40
a second permutation step. of permuting the bits of the permutation in the second permutation step is applied such
codeword, whose N cyclic blocks have l?een permuted, that
80 as to map the b,lts fo th.e T cpnstellatlon wor fls con- the two bits of the 4-QAM constellation word are made up
stituting each spatlal-mu!tlplexmg block, wherein of bits of the first cyclic block of the respective section,
T=2, N:4§’ Q=360, and .]3.15 6’, . . 45 the two bits of the 16-QAM constellation word having
the N cychc b!ocks are le.lded into a plurality of sections the lowest reliability are made up of bits of the second
each 1pcl}1d1ng B/2 cy.chg blocks, cyclic block of the respective section, and the two bits of
a transmission power ratio 1s 172 i . the 16-QAM constellation word having the highest reli-
the quasi-cyclic low-density panty-chec.k code is a code ability are made up of bits of the third cyclic block of the
defined by the DVB-NGH standard with a code rate of 0 respective section.
one of 7/15, 8/1 5.’ and 3/5’ . g 3. An interleaving method performed by a transmitter for a
the bits of each spatlal-multlplexmg block are divided into communication system with quasi-cyclic low-density parity-
a 4-QAM constellation word and a 16-QAM constella- check codes, spatial multiplexing, and T transmit antennas, T
tion Wgrd,.and . . . being an integer greater than 1, the interleaving method being
permutation in th,e first permutation step 1s aP.Phed . 55 used for applying bit permutation to bits of a codeword of a
according to cychc block permutation shown m Tab.le 4,in quasi-cyclic low-density parity-check code in order to gener-
aceor dance. with the code rates of the quasi-cyclic low- ate a plurality of constellation words constituting a plurality
density parity-check code: of spatial-multiplexing blocks from the codeword,
the codeword consisting of N cyclic blocks, and each cyclic
TABLE 4 60 block consisting of Q bits,
Code Rate each spatial-multiplexing block consisting of B bits and
consisting of T constellation words,
7/15 8/15 3/5 the interleaving method comprising:
Soction 1 " - < 1 a first permutation step of permuting the N cyclic blocks of
ond 13 5 43 65 the codeword; and
3 24 22 26 a second permutation step of permuting the bits of the

codeword, whose N cyclic blocks have been permuted,
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so as to map the bits to the T constellation words con-
stituting each spatial-multiplexing block, wherein

T=2, N=45, Q=360, and B is 6,

the N cyclic blocks are divided into a plurality of sections
each including B/2 cyclic blocks,

a transmission power ratio is 1/4,

the quasi-cyclic low-density parity-check code is a code
defined by the DVB-NGH standard with a code rate of
one of 7/15, 8/15, and 3/5,

the bits of each spatial-multiplexing block are divided into
a 4-QAM constellation word and a 16-QAM constella-
tion word, and

permutation in the first permutation step is applied

according to cyclic block permutation shown in Table 7, in

5

10

. . . 1
accordance with the code rates of the quasi-cyclic low-

density parity-check code:

TABLE 7
Code Rate

7/15 8/15 3/5

Section 1 1% 34 34 23
ond 13 13 5

3 24 24 22

Section 2 1% 16 16 42
ond 40 15 45

374 19 18 20

Section 3 1% 23 23 43
ond 38 32 18

374 1 1 11

Section 4 1% 28 28 27
ond 36 36 39

3 21 21 34

Section 5 1% 9 9 41
ond 6 6 37

3 2 2 6

Section 6 1% 42 42 24
ond 44 44 16

374 8 8 8

Section 7 1% 43 37 30
ond 33 33 40

374 5 5 12

Section 8 1% 22 22 35
ond 41 19 21

374 32 14 31

Section 9 1% 29 29 36
ond 45 45 10

3 15 40 33

Section 1% 18 41 44
10 ond 26 26 38
3 37 43 14

Section 1% 27 27 4
11 ond 31 31 3
374 10 10 13

Section 1% 17 17 9
12 ond 30 30 29
374 11 11 19

Section 1% 14 38 32
13 ond 20 20 15
3 7 7 25

Section 1% 3 3 28
14 ond 35 35 26
3 4 4 17

Section 1% 39 39 1
15 ond 25 25 2
374 12 12 7

permutation in the second permutation step is applied such
that

the two bits of the 4-QAM constellation word are made up
of bits of the first cyclic block of the respective section,
the two bits of the 16-QAM constellation word having
the lowest reliability are made up of bits of the second
cyclic block of the respective section, and the two bits of

20
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35

40
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the 16-QAM constellation word having the highest reli-
ability are made up of bits of the third cyclic block of the
respective section.

4. A signal processing method performed by a receiver for
a communication system with quasi-cyclic low-density par-
ity-check codes, spatial multiplexing, and T transmit anten-
nas, T being an integer greater than 1,

the signal processing method comprising:

a demodulating step of demodulating signals based on
modulation schemes and generating demodulated sig-
nals, said signals being transmitted by mapping infor-
mation generated from T constellation words according
to said modulation schemes that each correspond to T
constellation words, each T constellation words making
up one of a plurality of spatial-multiplexing blocks gen-
erated from a codeword at a transmission side, wherein

the codeword is composed of N cyclic blocks and each
cyclic block is composed of Q bits, where N=45 and
Q=360,

each spatial-multiplexing block is composed of B bits and
T constellation words, where B=6 and T=2,

T constellation words are composed of a 4-QAM constel-
lation word and a 16-QAM constellation word, and

a transmission power ratio is 1/1;

an LDPC decoding step of decoding, using an LDPC
decoder, the demodulated signals based on a quasi-cy-
clic low-density parity-check code used at the transmis-
sion side among quasi-cyclic low-density parity-check
codes having code rates of 7/15, 8/15, and 3/5 as defined
by the DVB-NGH standard; and

an output step of outputting the demodulated signal to the
LDPC decoder, based on rules used (i) in permutation of
the N cyclic blocks of the codeword performed based on
Table 1 according to the first permutation step performed
by the interleaving method defined in claim 1 and (ii) in
bit permutation of the codeword after permutation of the
N cyclic blocks performed according to the second per-
mutation step performed by the interleaving method
defined in claim 1.

5. An interleaver provided in a transmitter for a communi-
cation system with quasi-cyclic low-density parity-check
codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, the interleaver applying bit permu-
tation to bits of a codeword of a quasi-cyclic low-density
parity-check code in order to generate a plurality of constel-
lation words of a plurality of spatial-multiplexing blocks from
the codeword,

the codeword consisting of N cyclic blocks, each cyclic
block consisting of Q bits,

each spatial-multiplexing block consisting of B bits and
consisting of T constellation words,

the interleaver comprising:

a first permutation unit that permutes the N cyclic blocks to
obtain a permuted codeword in which a sequence of the
N cyclic blocks is permuted; and

a second permutation unit that permutes the bits of the
permuted codeword to map the bits to the T constellation
words constituting the spatial-multiplexing block,
wherein

T=2, N=45, Q=360, and B is 6,

the N cyclic blocks are divided into a plurality of sections
each including B/2 cyclic blocks,

a transmission power ratio is 1/1,

the quasi-cyclic low-density parity-check code is a code
defined by the DVB-NGH standard with a code rate of
one of 7/15, 8/15, and 3/5,
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the bits of each spatial-multiplexing block are divided into
a 4-QAM constellation word and a 16-QAM constella-
tion word, and

permutation by the first interleaving unit is applied

according to cyclic block permutation shown in Table 1, in
accordance with the code rates of the quasi-cyclic low-
density parity-check code:

42

said signals being transmitted by mapping information
generated from T constellation words according to said
modulation schemes that each correspond to T constel-
lation words, each T constellation words making up one
of a plurality of spatial-multiplexing blocks generated
from a codeword at a transmission side, wherein

the codeword is composed of N cyclic blocks and each
cyclic block is composed of Q bits, where N=45 and

TABLE 1
Q=360,
Code Rate 19 each spatial-multiplexing block is composed of B bits and
s 815 35 T constellation words, where B=6 and T=2,
T constellation words are composed of a 4-QAM constel-
Section 1 - 13 12 32 lation word and a 16-QAM constellation word, and
g,d zltzlt ﬁ Zg s  atransmission power ratio is 1/1;
Section 2 15 41 35 18 an LDPC decoder configured to decode the demodulated
2";’ 24 13 28 signals based on a quasi-cyclic low-density parity-check
, ¥ 12 38 34 code used at the transmission side among quasi-cyclic
Section 3 1* 16 7 7 . . .
ond 27 39 39 low-density parity-check codes having code rates of
374 14 9 15 20 7/15, 8/15, and 3/5 as defined by the DVB-NGH stan-
Section 4 1% 22 19 20 dard: and
ond 32 43 40 i .
P 5 33 44 an outputter configured to output the demodulated signal to
Section 5 1% 17 24 19 the LDPC decoder, based on rules used (i) in permuta-
2":: 29 25 12 tion of the N cyclic blocks of the codeword performed
. ¥ ¥ 10 29 25 based on Table 1 according to the first permutation unit
Section 6 1* 6 6 14 . 3 . L - .
nd 35 45 17 of the interleaver defined in claim 5 and (ii) in bit per-
3 30 21 21 mutation of the codeword after permutation of the N
Section 7 1"d 10 2 33 cyclic blocks performed according to the second permu-
- 8 28 3 tation unit of the interleaver defined in claim 5.
3 37 4 24 ronal . hod perft ab ver f
Section § 1= 3 3 36 30  T.A signal processing method performed by a receiver for
ond 38 17 41 a communication system with quasi-cyclic low-density par-
. 3’?’ 1 15 31 ity-check codes, spatial multiplexing, and T transmit anten-
Section 9 ;n . 4; ig 12 nas, T being an integer greater than 1,
P 2% 2 27 the signal prqcessing method compr.ising:.
Section 1 15 8 45 35 a demodulating step of demodulating signals based on
10 2 28 41 42 modulation schemes and generating demodulated sig-
3 34 11 37 1 : : Lo
Section . 5 3 5 nals, said signals being transmitted by mapping infor-
1 nd 23 16 3 mation generated from T constellation words according
3 43 18 11 to said modulation schemes that each correspond to T
Section 1"d 4 44 26 40 constellation words, each T constellation words making
12 gm, 42 ; ; ;g up one of a plurality of spatial-multiplexing blocks gen-
Section 1= 20 30 5 erated from a codeword at a transmission side, wherein
13 ond 25 26 1 the codeword is composed of N cyclic blocks and each
. 3’?’ 36 29 3 cyclic block is composed of Q bits, where N=45 and
Section 1 ., 21 34 8 45 Q:360,
14 2 33 36 30 ; S . .
P 3 23 9 each spatial-multiplexing block is composed of B bits and
Section 1% 18 5 23 T constellation words, where B=6 and T=2,
15 2”; 19 20 4 T constellation words are composed of a 4-QAM constel-
3 43 1 33 lation word and a 16-QAM constellation word, and
50 atransmission power ratio is 1/2;
permutation by the second permutation unit is applied such an LDPC decoding step of decoding, using an LDPC
that, decoder, the demodulated signals based on a quasi-cy-
the two bits of the 4-QAM constellation word are made up clic low-density parity-check code used at the transmis-
of bits of the first cyclic block of the respective section, sion side among quasi-cyclic low-density parity-check
the two bits of the 16-QAM constellation word having 55 codes having code rates of 7/15, 8/15, and 3/5 as defined
the lowest reliability are made up of bits of the second by the DVB-NGH standard; and
cyclic block of the respective section, and the two bits of an output step of outputting the demodulated signal to the
the 16-QAM constellation word having the highest reli- LDPC decoder, based on rules used (i) in permutation of
ability are made up of bits of the third cyclic block of the the N cyclic blocks of the codeword performed based on
respective section. 60 Table 4 according to the first permutation step performed

6. A signal processor provided in a receiver for a commu-

by the interleaving method defined in claim 2 and (ii) in

bit permutation of the codeword after permutation of the

N cyclic blocks performed according to the second per-

mutation step performed by the interleaving method
defined in claim 2.

8. A signal processing method performed by a receiver for

a communication system with quasi-cyclic low-density par-

nication system with quasi-cyclic low-density parity-check
codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, wherein
the signal processor comprising: 65
a demodulator configured to demodulate signals based on
modulation schemes and generate demodulated signals,
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ity-check codes, spatial multiplexing, and T transmit anten-
nas, T being an integer greater than 1,

the signal processing method comprising:

a demodulating step of demodulating signals based on
modulation schemes and generating demodulated sig-
nals, said signals being transmitted by mapping infor-
mation generated from T constellation words according
to said modulation schemes that each correspond to T
constellation words, each T constellation words making
up one of a plurality of spatial-multiplexing blocks gen-
erated from a codeword at a transmission side, wherein

the codeword is composed of N cyclic blocks and each
cyclic block is composed of Q bits, where N=45 and
Q=360,

each spatial-multiplexing block is composed of B bits and
T constellation words, where B=6 and T=2,

T constellation words are composed of a 4-QAM constel-
lation word and a 16-QAM constellation word, and

a transmission power ratio is 1/4;

an LDPC decoding step of decoding, using an LDPC
decoder, the demodulated signals based on a quasi-cy-
clic low-density parity-check code used at the transmis-
sion side among quasi-cyclic low-density parity-check
codes having code rates of 7/15, 8/15, and 3/5 as defined
by the DVB-NGH standard; and

an output step of outputting the demodulated signal to the
LDPC decoder, based on rules used (i) in permutation of
the N cyclic blocks of the codeword performed based on
Table 7 according to the first permutation step performed
by the interleaving method defined in claim 3 and (ii) in
bit permutation of the codeword after permutation of the
N cyclic blocks performed according to the second per-
mutation step performed by the interleaving method
defined in claim 3.

9. An interleaver provided in a transmitter for a communi-
cation system with quasi-cyclic low-density parity-check
codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, the interleaver applying bit permu-
tation to bits of a codeword of a quasi-cyclic low-density
parity-check code in order to generate a plurality of constel-
lation words of a plurality of spatial-multiplexing blocks from
the codeword,

the codeword consisting of N cyclic blocks, each cyclic
block consisting of Q bits,

each spatial-multiplexing block consisting of B bits and
consisting of T constellation words,

the interleaver comprising:

afirst permutation unit that permutes the N cyclic blocks to
obtain a permuted codeword in which a sequence of the
N cyclic blocks is permuted; and

a second permutation unit that permutes the bits of the
permuted codeword to map the bits to the T constellation
words constituting the spatial-multiplexing block,
wherein

T=2, N=45, Q=360, and B is 6,

the N cyclic blocks are divided into a plurality of sections
each including B/2 cyclic blocks,

a transmission power ratio is 1/2,

the quasi-cyclic low-density parity-check code is a code
defined by the DVB-NGH standard with a code rate of
one of 7/15, 8/15, and 3/5,

the bits of each spatial-multiplexing block are divided into
a 4-QAM constellation word and a 16-QAM constella-
tion word, and

permutation by the first permutation unit is applied
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according to cyclic block permutation shown in Table 4, in
accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 4
Code Rate

7/15 8/15 3/5

Section 1 1 34 8 31
ond 13 25 43

3 24 22 26

Section 2 1 16 18 20
ond 40 28 44

3 19 20 39

Section 3 1 23 3 18
ond 38 23 28

3 1 4 11

Section 4 1% 28 33 37
ond 36 38 12

3 21 19 36

Section 5 1% 9 27 34
ond 6 31 42

3 2 11 40

Section 6 1 42 6 9
ond 44 45 7

3 8 24 21

Section 7 1 43 29 22
ond 33 39 6

3 5 7 16

Section 8 1% 22 26 27
ond 41 41 29

3 32 2 13

Section 9 1% 29 10 8
ond 45 40 30

3 15 32 19

Section 1 18 13 38
10 ond 26 14 45
3 37 9 32

Section 1 27 1 4
11 ond 31 34 2
3 10 5 10

Section 1 17 35 5
12 ond 30 36 1
3 11 21 14

Section 1% 14 42 17
13 ond 20 37 41
3 7 12 24

Section 1% 3 16 35
14 ond 35 30 3
3 4 17 23

Section 1 39 15 15
15 ond 25 44 33
3 12 43 25

permutation by the second permutation unit is applied such

that

the two bits of the 4-QAM constellation word are made up

of bits of the first cyclic block of the respective section,
the two bits of the 16-QAM constellation word having
the lowest reliability are made up of bits of the second
cyclic block of the respective section, and the two bits of
the 16-QAM constellation word having the highest reli-
ability are made up of bits of the third cyclic block of the
respective section.

10. An interleaver provided in a transmitter for a commu-
nication system with quasi-cyclic low-density parity-check
codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, the interleaver applying bit permu-
tation to bits of a codeword of a quasi-cyclic low-density
parity-check code in order to generate a plurality of constel-
lation words of a plurality of spatial-multiplexing blocks from
the codeword,

the codeword consisting of N cyclic blocks, each cyclic

block consisting of Q bits,

each spatial-multiplexing block consisting of B bits and

consisting of T constellation words,
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the interleaver comprising:

afirst permutation unit that permutes the N cyclic blocks to
obtain a permuted codeword in which a sequence of the
N cyclic blocks is permuted; and

a second permutation unit that permutes the bits of the
permuted codeword to map the bits to the T constellation
words constituting the spatial-multiplexing block,
wherein

T=2, N=45, Q=360, and B is 6,

the N cyclic blocks are divided into a plurality of sections
each including B/2 cyclic blocks,

a transmission power ratio is 1/4,

the quasi-cyclic low-density parity-check code is a code
defined by the DVB-NGH standard with a code rate of
one of 7/15, 8/15, and 3/5,

the bits of each spatial-multiplexing block are divided into
a 4-QAM constellation word and a 16-QAM constella-
tion word, and

permutation by the first permutation unit is applied

according to cyclic block permutation shown in Table 7, in
accordance with the code rates of the quasi-cyclic low-
density parity-check code:

TABLE 7
Code Rate

7/15 8/15 3/5

Section 1 1% 34 34 23
ond 13 13 5

374 24 24 22

Section 2 1% 16 16 42
ond 40 15 45

374 19 18 20

Section 3 1% 23 23 43
ond 38 32 18

374 1 1 11

Section 4 1% 28 28 27
ond 36 36 39

3 21 21 34

Section 5 1% 9 9 41
ond 6 6 37

3 2 2 6

Section 6 1% 42 42 24
ond 44 44 16

374 8 8 8

Section 7 1% 43 37 30
ond 33 33 40

374 5 5 12

Section 8 1% 22 22 35
ond 41 19 21

3 32 14 31

Section 9 1% 29 29 36
ond 45 45 10

3 15 40 33

Section 1% 18 41 44
10 ond 26 26 38
374 37 43 14

Section 1% 27 27 4
11 ond 31 31 3
374 10 10 13

Section 1% 17 17 9
12 ond 30 30 29
374 11 11 19

Section 1% 14 38 32
13 ond 20 20 15
3 7 7 25

Section 1% 3 3 28
14 ond 35 35 26
3 4 4 17

Section 1% 39 39 1
15 ond 25 25 2
374 12 12 7

permutation by the second permutation unit is applied such
that

46

the two bits of the 4-QAM constellation word are made up
of bits of the first cyclic block of the respective section,
the two bits of the 16-QAM constellation word having
the lowest reliability are made up of bits of the second
cyclic block of the respective section, and the two bits of
the 16-QAM constellation word having the highest reli-
ability are made up of bits of the third cyclic block of the
respective section.

11. A signal processor provided in a receiver for a commu-

10 nication system with quasi-cyclic low-density parity-check
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codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, wherein

the signal processor comprising:

a demodulator configured to demodulate signals based on
modulation schemes and generate demodulated signals,
said signals being transmitted by mapping information
generated from T constellation words according to said
modulation schemes that each correspond to T constel-
lation words, each T constellation words making up one
of a plurality of spatial-multiplexing blocks generated
from a codeword at a transmission side, wherein

the codeword is composed of N cyclic blocks and each
cyclic block is composed of Q bits, where N=45 and
Q=360,

each spatial-multiplexing block is composed of B bits and
T constellation words, where B=6 and T=2,

T constellation words are composed of a 4-QAM constel-
lation word and a 16-QAM constellation word, and

a transmission power ratio is 1/2;

an LDPC decoder configured to decode the demodulated
signals based on a quasi-cyclic low-density parity-check
code used at the transmission side among quasi-cyclic
low-density parity-check codes having code rates of
7/15, 8/15, and 3/5 as defined by the DVB-NGH stan-
dard; and

an outputter configured to output the demodulated signal to
the LDPC decoder, based on rules used (i) in permuta-
tion of the N cyclic blocks of the codeword performed
based on Table 4 according to the first permutation unit
of the interleaver defined in claim 9 and (ii) in bit per-
mutation of the codeword after permutation of the N
cyclic blocks performed according to the second permu-
tation unit of the interleaver defined in claim 9.

12. A signal processor provided in a receiver for a commu-

nication system with quasi-cyclic low-density parity-check
codes, spatial multiplexing, and T transmit antennas, T being
an integer greater than 1, wherein

the signal processing comprising:

a demodulator configured to demodulate signals based on
modulation schemes and generate demodulated signals,
said signals being transmitted by mapping information
generated from T constellation words according to said
modulation schemes that each correspond to T constel-
lation words, each T constellation words making up one
of a plurality of spatial-multiplexing blocks generated
from a codeword at a transmission side, wherein

the codeword is composed of N cyclic blocks and each
cyclic block is composed of Q bits, where N=45 and
Q=360,

each spatial-multiplexing block is composed of B bits and
T constellation words, where B=6 and T=2,

T constellation words are composed of a 4-QAM constel-
lation word and a 16-QAM constellation word, and

a transmission power ratio is 1/4;

an LDPC decoder configured to decode the demodulated
signals based on a quasi-cyclic low-density parity-check
code used at the transmission side among quasi-cyclic
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low-density parity-check codes having code rates of
7/15, 8/15, and 3/5 as defined by the DVB-NGH stan-
dard; and

an outputter configured to output the demodulated signal to
the LDPC decoder, based on rules used (i) in permuta- 5
tion of the N cyclic blocks of the codeword performed
based on Table 7 according to the first permutation unit
of the interleaver defined in claim 10 and (ii) in bit
permutation of the codeword after permutation of the N
cyclic blocks performed according to the second permu- 10
tation unit of the interleaver defined in claim 10.

#* #* #* #* #*
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